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ABSTRACT

The spectroscopic and laser performance characteristics of Nd:YVO4
were measured and compared to Nd:YAG. In TEMoo CW operation at 1,06y,
the Nd:YVO, laser exhibited a lower threshold and a higher slope efficiency
than Nd:Y AG. This laser shows great promise for development of a low
threshold and efficient oscillator suitable for application in a high data rate

laser communication system which should substantially outperform a similar
Nd:YAG system.
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1. INTRODUCTION. . __ |

One of the important frontier applications of lasers is that of hlgh data
‘rate spaceborne laser. communlcatmn systems. Lasers of hlgh eff1c1ency and

low thresholds are requlred 1n such dwerse apphcatlons as commumcat1ons,

‘ An essent1a1 sub system is the laser transmitter, which must be reliable,
efficient and stable. In a prototype system under development by the U. S.
Air Force, a mode-locked, frequency doubled Nd:YAG laser is used. New 7
Cfc;;f)eg—,;o_f)_*.potassium-rubidium pump lamps have been designed for this applica-
tion, With an input lamp power of 300 W, the Nd:YAG laser produces about
1 W at 1,06y It is highly desirable to obtain higher outputs without increasing
the pump povs;er requirements., This goal might be obtained with lasers using
new Nd doped crystals.,

Recently, detailed spectroscopic measurements have shown that the
stimulated-emission cross-section of A-axis Nd:YVO4 at 1. 064y was much
larger than that of Nd:YAG at 1.0642 . A simple theoretical analysis showed
that a CW Nd:YVO4 laser with thresholds a factor of 2 lower than Nd:YAG and
with comparable slope efficiencies was feasible.

A major goal of this contract effort was to explore in depth the potentiali-
ties of the Nd:YVO
Nd:YAG laser.

A broad range of characteristics were investigated and are described in
the following chapters. With Nd:YVO4
with thresholds a factor of 2 lower than Nd:YAG and with greater slope efficiencies.

4 and to demonstrate experimentally its superiority to the

crystals, CW 1,06y lasérs were oper ated:

ThuS, the first step in the development of new osc1llators sultable for appllcatlon

- in hlgh data rate laser communlcatlon systems which surpass the present per-

o, et

formance of the Nd YAG laser has been successfully demonstrated
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II. PHYSICAL AND CRYSTAL CHARACTERISTICS OF

Nd:YVO4

A, . Crystal G,.r,owth,of,Nd:Y,VO ,.

Single crystals of rare earth doped YVO have been grown by both flux and
Czochrolski techniques. [1 2,3 4] Crystal growth studies using e1ther techn1que
have been somewhat 11m1ted and, consequently, the growth of these materials
is poorly understood at this time. The crystals‘grown from fluxes are small
(2 2 cm long by 2-3 mm in cross secﬁon) and elongated in the ''¢'' axis direc-
tion, Crystals of this type are not appropriate for laser applications which
require "a' axis rods =&~ 3 mm or larger in diameter and 30 mm or longer
in length. On the other hand crystals of sufficient size and proper orientation
have been grown by the Czochrolski process. Unfortunately these crystals
contain many defects and as such are not adequate for laser application.

A detailed microscopic examination by Aerospace staff of state-of-the-
art Czochrolski grown single crystals has revealed several light scattering
defects related to lack of proper control of the crystal growth processes.

An example of a major scattering defect is shown in Fig. 1. These shaped
inclusions are most likely crystals of Ir derived from the crucible material
and are scattered randomly throughout most of the crystals. Other material
inclusions discovered in the.crystals were of'sﬁch small size (1 3 ym)

that high quality optical micrographs could not be obtained. These will be
described. )

Preliminary examination of a '"bad'' ''a'' axis laser rod showed several
zones of intense light scattering along the length of the rod. Microscopic
examination showed a high volume of scattering centers with complex charac-
teristics, They appeared as small round black dots with a rod shaped sharp
index change around the dot aligned in random directions in the crystal. Nor-
mally one would assign apparent index changes to diffraction effects around the
scattering centers. In this case there appears to be a sharp-irregular index
change associated with most but not all of the scattering centers. Due to the
small size of the centers one cannot clearly state whether the dot represents

a solid phase or a void in the crystal. However, at this time a best guess

ol
&

A, B. Chase of The Aerospace Corporation
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Fig, II-1 Inclusions observed in crystals of Nd:YVO4



would be that it is a void and the index change represents a rod shaped uniden-
tified phase associated with the void. . Since their distribution was not uniform
along the length of the rod, one can state that their occurrence was due to some
variation of crystal growth parameters.

In order to understand the presence of the defects in the material and -
stipulate the means of their removal, some of the basic material properties
are nercessary. YVO4 melts congruently at 1810 + 25°C in an oxidizing atmo-
sphere. In an inert or reducing atmosphere the melt and material loses O2
with a corresponding increase in the melt temperature. The phase diagram
for YZO3 - VZOS has been worked out and there are two primary phases,

YVO4 and 4Y203 . VZOS' The phase diagram YZO3 -VZO5 —VZO3 has not been
worked out at this time, ‘bu'_t_,_several phases are possible.  In principle, the
loss of O2 fr:om the rheltvdoesr.hot constitute a problem, ho_xivrever,- in practice

severe problems exist.

. Ir is the only useable crucible material for high temperat'ure‘oxide
oxide crystal growth. Specifically, an oxygen atmosphere is required for
stoichiometric crystal growth and Ir is not stable at high temperatures in an
oxidizing atmosphere. Ir oxidizes to IrO, which is soluable in the melt, becomes
reduced and precipitates in the crystal, thereby causing the triangular plate
scattering centers in the YVO4 crystals. If, on the other hand, a reducing
atmosphere is used, VZOS loses O2 and a lower valence state VO melt species
is produced. If this species is in excess, then another Y,0,-VO phase is
produced and will be incorporated in the crystal. The other observed defect
is probably of this type. This represents the current state-of-the-art in
crystal growth of YVO4 single crystals. "Some of each crystal rod is of

adequate quality (i.e. does not contain inclusions) indicating that at least for

some O, pressure good crystal growth can take place. These effects would,
of course, be eliminated if a crucible could be found that would not react
with YVO4 melts in an oxidizing atmosphere. The difficulty of obtaining
suitable crucibles suggests utilization of other methods.

The technique that most readily provides the required conditions is

known as skull melting where the material itself is its own crucible.[S] The

II-3



use of this technique requires a different heating source than currently used.

If applied to the growth of YVO, then high quality crystals free from scatter-

4
ing centers should be readily available.

I1-4



B. Crystallographic properties of YVO4+
The crystal structure of¢YVO4
4h Figure II-1 shows this tetragonal crystal

structure and illustrates the unit cell, The Y3+ site symmetry in which

is isomorphic to zircon, having

space;group symmetry D

the Nd3+ ions are found is DZd' The Y3+ ion is at the center of a tetra-

hedron formed by four nn 02~ jons. The reduction to D symmetry arises

from the fact that this tetrahedron is shorter along the ?jaxis than the cor-
responding dimensions perpendicular to the c-axis. In addition, this
irregular tetrahedron is surrounded by four nn Y3+ ions and their 02-
tetrahedra which are located below, left and right, and above, front and
back, of the site in question. This large tetrahedron is oriented 90° from
the orientation of the Y-O tetrahedron at its center. The V5+ ions are not
seen by the Y3+ ions in the first approximation since each V5+ ion, due

to its small size (0. 593.) is completely shielded by a tetrahedron of OZ-

ions. Table II-1 summarizes the crystallographic properties of YVO4;

Table II-1

CRYSTALLOGRAPHIC PROPERTIES OF YVO4[’6J .
Symmetry Tetragonal
Space group Dzlll?l
Lattice constants a = bo = 7.1234

¢y = 6.2914
Volume of unit cell 319113
Number of molecules per unit cell 4
Y-O bond distances 2.304
V-0 bond distances 1. 644
Density 4.22 ¢ cm™3

K. M. Leung of the University of Southern California prepared sections
B, C and D, Section E was prepared by J. G. Sliney, Jr., of the Uni-
versity of Southern California.

For an explanation of space-group symmetry and the symbol, please see
Refs. 7, 8, 9, :
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.. C. Physical properties of YVO4

- It is important to know their physical properties such as hardness,.
thermal conductivity, melting point, etc. in evaluating the potential value
of a crystalline material as a laser crystal. YVO4 has been available
for several years in limited quantity as a single crystal laser host doped
with Nd and ether rare-earthjons: Most of the material parame‘terks have
been reported in the literéture. In particular, YVO4 has a moderate
hardness of 480 Knoop (5 Mohs) which is equivalent to most high quality
optical glasses. This hardness and a minimization of cleaving tendency
allow good fabrication as a laser rod. The damage threshold of an un-

doped YVO, crystal is 1 to 2 GW/cmZ using a single mode Q-switched

pulsed ruby laser having a pulse width of 8 nse(:.'l,-l-'q:l _TéblqﬂII—'ZA,lists _.some
of the important physical properties of YVO4 including several thermal
properties. We also tabulate the properties of Nd:YAG for the purpose

of comparison.

Table II-2

PHYSICAL PROPERTIES OF YVO4 AND YAG

vvo, * vaG™®
Hardness 5-6' Mohs 8-8. 5 Mohs
Melting point 1810 °C 1950 °C
Thermal expansion +(7.3 + 0.5) x 10-6 og™! +7. 5% 10_6 o1
at 300°K normal to the c-axis '
Thermal condgc_!:ivity ' H c-axis 0".;05_23‘ o ‘6;' 13
at 300°K (W em*! °k-1) jic-axis ;0,0510 '
density (g[cm3) 4,22 | . 4.55

S

* Data are taken from Refs.11 and 12.

Data are taken from Refs 14,
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D. Optical properties of YVO4

For an undoped YVO single crystal, the transmission range is

from 0.4 to 3.8 um and is optically useful to 5 um.[u] YVO , is a positive

4 [11]

uniaxial crystal. The refractive index of YVO4 has been measured
as a function of wavelength and polarization from 0.49 to 3.39 Um.
Table II-3 lists the measured refractive indices at several special wave-

lengths. It can be seen that YVO4 has a strong birefringence. For

Table II-3

INDICES OF REFRACTION OF YVO4 AT SPECIAL WAVELENGTHS

Wavelength, um Index of Refraction

Ordinary (0) Extraordinary ()

0. 4880 | 2. 0298 2.2712

0. 5145 2. 0192 2. 2546

0. 5890 1.9997 2. 2270
0.6328 : 1. 9915 2.2148

0. 6943 1, 9824 2.2021
1,065 1.958 2.168

2. 00 1.93 2,13

3. 39 A 1.91 - 2.11

example, An = +0,2273 at Na-D line and +0, 210 at 1.06 ym. The fluores-
cence and laser action from Nd:YVO4 can be» observed in two different
ways: along the optic axis (C-cut) or transverse to it (A-cut). The latter
configuration was chosen throughout this work. : When YieWiﬁmg” the fluores-
cence and Iaser action transverse to the c-axis, there are two pblariza'tions
of the electric field vector: perpendicular to. thé caams (@) and parallel to
the c-axis (). The most intense laser transitions for thls uniaxial crystal
is ﬁ—poiariZed, -

Over the visible region (0.4880 to 0. 6943 k), the index éhange is Qf,;.f(lf)‘4:74,

for ordinary ray and 0. 0691 for extraordinary ray. There are two diffé?fé.irfif;

’ wwé* ?3 :"“;’"’“" .
<o

% -




results for the temperature dependence of the dispersion for Nd:YVO4.
Figure II-2 depicts the change in refractive index as a function-oftemperature

for Nd:YVO4 according to data taken with the prism in a liquid helium

dewar and an argon laser.[ 1'1_‘] At room temperature, dn/dT is +3.9 xlO_5

°K'l for Nd:YVO,. Another result.determined by using Fizeau interferome-

try gives a“.:diffe‘:ent value of dn/dT for Nd:YVO4.[12] The value of dn,/dT
near room temperature is +(8.5 % 0.9) x 10_6 OK-1 and that of dne/dT is
$2.940.9) x 107 0K for Nd:YVO, as compared to +7.3 x 10'6 ok for
Nd:YAG.‘(z 13] The discrepancy of these two results in dn/dT for Nél:YVO4
requires further study of thése thermal properties in order to make a

meaningful comparison with Nd: YAG.
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E. Percent concentration of Nd3+ in Nd:YVO4
To begin, the definitions of percent concentration used.in this report
need to be made clear. There are two definitions of concentration which
are commonly used. They are weight percent and atomic percent, The
convention used in this report is atomic percent defined as follows accord-
- ing to the standard usage. (14, 'ls’fléﬂj‘ln this usage, oﬁe atomic percent
doping of Nd3+ means that one Nd3+ ion replaces one Y3+ ion out of one

hundred Y3+ ions. In this case, the formula for Nd:YVO4 reads:

Nd. OlY. 99VO4 '

3
More generally, one writes for any amount (x) of Nd * doping

NdX:YL 00-xVO4'

The first method used to determine the concentration of Nd3+ ions iﬁ YVO4
was emission spectroscopy which was performed on three samples at
Pacific Spectrochemical Laboratory, Inc. The samples sent were cut
from the same crystals of Nd:YVO4 which were used in several different
: expe"r'lments including fluorescence lifetime measurements, as well as
absorption and transmission measurement, The samples were cut in
order of increasing concentrations (1% to 3%) in order to avoid contamina-
tion of the more lightly doped crystals. The cutting was performed using
a diamond wire saw, which had previously been used to cut a crystal of
glycerol. The samples cut for analysis were mounted on a glass slide
using phenol salycilate. The low melting point of the latter allows one to
avoid excessive heating of the crystals to be cut., After cutting, the crys-
tals were cleaned in trichloroethylene, methanol and acetone,

The atomic percent of Nd3+ present in each sample was determined
by emission spectroscopy performed by Pacific Spectrochemical Laboratory,

17
Ce

In was provided in order to allow Pacific

A sample of pure YVO4

Spectrochemical to make a calibration using a known amount of Nd. Two
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calibrations were made and the one with a scale closest to the spectra
of the three samples of Nd:YVO4 was finally used to determine the atomic
percent of Nd3+ present in each sample. The accuracy of the measure-
ments made was certified by Pacific Spectrochemical to be + 7.5% on
each measurement,

The results reported by Pacific Spectrochemical are given in weight
percent of Nd_O_ which necessitates converting their data into atomic

273
percent. The following is a sample calculation:

Sample Calculation for 1 Atomic Percent

Nd_O, for Weight Percent

273
Nd2= 2x144.24 = 288.48
03 =3 x15.9994 = (+) 47.9982
336.4782 = 336,48
S Ndz
Ratio Ni o - 85.73% Nd by weight
2 3

NdO. 01Y0. 99VO4 for Atomic Percent

NdO. 01 = 0.01 x 144.22 = 1.4427

¥0:99. = 0.99 x 88.92 = 88.0308

v =1 x 50.95 = 50.9500

O4 =4x16 = + 64, 0000
204, 4235

Combining atomic percent with weight percent formula gives:

0.01 - 1,4427
0.01%0. 9970,  204.4235

Nd

0. 706 wt. %

This gives the conversion factors:

1 at. (70
1,416 at%

0. 706 Wt. 70
1 wt. %

1I-12



The conversion factor for Nd:YVO4 is calculated to be 1,416, In addi-

tion, it needs to be pointed out that Pacific Spectrochemical reported the

weight percent of Nd_O_, which was used for calibration and is standard
2 [18) (19, 20]

procedure as reported by Belt. and others. Consequently,

one needs a further conversion factor which has been calculated to be

0.8573, Taking all these conversion factors into account, one arrives at

the values listed in the table below which includes a comparison with the

amounts put in the melt by Union Carbide which grew the crystals.

Table II-4
Union Carbide Pacific Spectrochemical Expected Adjusted
Nd at.% (in melt) Nd203 wt. % (in crystal) at.% at. % PSL Values
Sample E ~0.5 0. 25 '0.303 _—- ---
D 1 0.34 0.412 .43 . 412
C 2 0. 59 0.716 . 86 . 788
B 3 1.30 1.58 1.29 1.42

In addition to the emission spectroscopy data on the Nd concentrations
provided by Pacific Spectrochemical, absorption spectroscopy measure-
ments were made on the same crystals by J.G. Sliney and K, M. Leung
using a Cary 17 spectrophotometer. This absorption data provided a
method for determining the concentrations relative to one another, If
one knows the thickness of the crystals and the absorptivity (optical den-
sity), then one can measure the ratios of the concentrations and compare
them with the values obtained by the emission method. Because the depth
of the absorption ''valleys'' is proportional to the absorptivity, the depth
of several well defined absorption lines was measured and compared for
various concentrations and thicknesses. The 5304!0& line in the visible - 9 0Y
and the 74241 line in the infrared both in T polarization were chosen as
being the best candidates, because they were well resolved and were not
strongly absorbed or weakly absorbed lines. The 53%“3. line was used .-
by Pressley et al, (1) Ti‘lé ratios of tiié ébncen’crations are giQén in

Table II-5.,
II-13



Table II-5

ABSORPTION SPECTROSCOPY DATA

Samples Ratio of 5304 A/m  7431&/m
Concentrations
D=1 at.% (in melt) C/D 1.90 1.95
cC=2 B/D 3,22 3,39
B=3 B/C 1.70 1.77

In the 2nd Quarterly Progress Report, P. P, Yaney [22] reported a

ratio of 2,05 + 0, 2 using infrared absorption data on crystals of nominal
1 and 2% concentrations, but the data on the 1% crystal was not obtained
on the Cary 17, All the data takén by J.G. Sliney and K, M., Leung was
obtained using a Cary 17 spectrophotometer. Table II-6 summarizes all

the data to date starting with Union Carbides at.% (in the melt).

Table II-6
Ratio of Union PS.L . : S%Lney-Leung Adjusted

C ntrations Carbide Emission . Absorption Spectroscopy PSL

once ' Spectroscopy 5304 A/m 7431 A/m Values
c/D 2 1.74 4. 26 1.90+.387 1,954 .39 1.91
B/D 3 3.84 .58 3.22+.65T 3,391 .68 3,45
B/C 1.5 2.21 +.33 1.70 +.34T 1,77 1.35 1.80
D medium ¥
. 1 - 0.91 .6 ---
D thin 9 0.62
C medium ¥
—_— 1 --- 1.1 0.45 ---
C thin ?
B medium : +
—_— 1 --- 0.93 0.92 -
B thin ? _ 9

T These ratios were obtained using data from the three thin (L~ 1 mm) crystals.

¥ Expected ratio assuming uniform crystal growth, - '

* These ratios were obtained using data from the three medium (L~ 3 mm)
crystals,
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Tables II-4 and II-6 list Adjusted PSL Values. These were obtained
by taking the 1% crystal concentration listed by PSL to be within a few
percent of the actual value. The reasoning that supports this choice is
based on the knowledge that the 0.412 at.% reported by PSL falls within
a few percent of 0.43 at.% which is the percent one would expect from a
well-grown crystal. The 0.43 at.% is-known to hold true for Nd:YVO4
crystals from other data. Specifically, emission spectroscopy data was

obtained on a total of eight YVO, crystals doped with varying amounts of

Nd (0. 5% - 3%). From the analilrs'lsr 23] of this data, which included not
only the Nd concentration, but also significant levels of impurities, the
segregation coefficientr 24] was determined to be 0.43.

Using the 0.412 at.% PSL data as most accurate, it is obvious that
the 0, 716 at.% PSL data is too low in both'the C/D and B/C ratios using
absorption spectroscopy. Similarly, the 1.58 at. % PSL data is too high
in the B/D and B/C ratios. Raising the 0. 716 at.% PSL value by approxi-
mately one half the difference between it and the expected value, as well
as lowering the 1, 58 at. % PSL value by about the same amount, leads to
the Adjusted PSL Values for the ratios of the concentrations, It should
be noted that these Adjusted PSL ratios lie within the accuracy of the
ratios obtained by absorption spectroscopy. The justification for compu-
ting the Adjusted PSL .Values was based on two factors. First of all,
the segregation coefficient was known from the analysis of the eight
Nd:YVO4 crystals. Secondly, the absorption data was taken over a larger
volume of the sample tharn the emission spectroscopy data. Both factors
were taken into account in order to compute the Adjusted PSL Values.

In conclusion, it should be noted that the gen;ral convention used to
designate concentration in‘this report is simply 0.5, 1, 2 and 3% which
is to be taken to mean 0.5, 1, 2 and 3 at. % in the melt as grownby

Union Carbide. Any exceptions to this general convention will be noted.
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III. LASER DESIGN SPECTROSCOPY

e

A. Introduction
One of the main objectives of this program is to determine the

spectroscopic parameters of Nd:YVO  required for the analysis of the

laser feasibility tests and for the des?gn of lamp-pumped lasers. Most of
the standard spectroscopy has been completed under a U.S. Army Contract
and is described in report ECOM-74-0104-F.

In this work, the polarized fluorescence and absorption spectra for
Nd:YVO4 at ~859K and ~300°K were obtained using a 1-meter Czerny-
Turner grating spectrograph. These spectra provide us the necessary
data to determine the energy level scheme of the states directly involved
in the 1,06 um laser action. Measurement of the fluorescence lifetime of
the upper laser level, 4F3/2 of Nd:YVO4 has been carried out as a func=
tion of the concentration of Nd ions (nominally 1, 2, and 3 %j;.a'rid as "
a function of temperature for 1 % Nd -sample.. °~ This information may
help us to understand whether the non-radiative relaxation processes will
play an important role in quenching fluorescence in Nd:YVO4 and to deter-
mine the optimum concentrations for efficient laser action. Absorption
and transmission traces covering the spectral range from 0.3 to 0.9 .m have
also been obtained on a Cary 17 spectrophotometer for a number of Nd:YVO4
crystals of various Nd3+ concentrations (nominally 1, 2, and 3 %) and-
thicknesses ranging from 1 mm to 5 mm. Fast Scans were used to obtain
compressed spectra and slow scans to obtain expanded spectra. Bas'ed
thin ;sarnp.le,

on the expanded absorption spectra of a 2% 'Nd3+ in YVO4

Yaney has determined a spectral map of Nd:YVO, pump bands and the

4
corresponding spectroscopic parameters necessary for the design of

lamp-pumped CW Nd:YVO4 lasers. The results of these laser design

spectroscopic studies and analysis are presented in the following sections.

*

P. P, Yaney of the University of Dayton and K. M. Leung of the University
of Southern California prepared sections A and B. P.P. Yaney also pre-

pared section D.
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B. Spectroscopic studies

+
The optical spectrum of Nd3 in single crystal YVO, has been inves-

[1,2,3 4] ¢
tigated by several groups of researchers. A general illustra-

tion of energy levels for Nd ions in YVO4 is given in Fig. III-1 which shows
a 4-level laser system. In this work, we are interested in details on both
the laser transitions at 1,06 um and the spectral map of the pump bands.

The crystal-field splitting in D_, symmetry for the states of interest

2d
are given below using group theoretical arguments

tp

4

4 -+
Lz * 30 +3Ty

-+
372 7 T

- 2I‘6 + 31"7

+I‘7

9/2

The selection rules governing the transitions are summarized in Table
4

II1-1, Thus, we see that the 4I9/é - F3/2 transition group can have ten

0 and five T transitions.

Table III-1

... ELECTRIC. DIPOLE SELECTION
RULES IN D_.. SYMMETRY®?

2d

T (1/2) T, (3/2)
I‘6(1/2) o mo
L,(3/2) no o

a. The quantities in parentheses are the
crystal field quantum numbers |p‘.

Figures III-2 and III-4 show the absorption and fluorescence spectra
for the 419/2 I 4F3/2 transitions at room temperatures., Because of the
large thickness of the sample used to obtain these spectra, the high-cross-
section transition completely absorbs the incident light thereby causing

this line to become flat-topped. The large thickness was used to insure
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that’all pertinent electronic transitions were found, Clearly, there are
lines missing which are permitted by the selection rules. The absence
of allowed transitions and the unusual concentration of line strength into
one transition in T polarization within a given line group can be shown
via the Judd-Ofelt theory[6 ] to be a consequence of the symmetry of the
site and ion placements in the unit cell which cause the AZ_

+6

crystal-field coefficient to be dominant. The fluorescence spectra at

odd-parity

room temperature for the 4F3/2 - 4111’/2 transitions are given in Fig.
III-3. From Table III-1, there should be 12 ¢ lines and 6 7 lines. 'Only
the low temperature 0 spectrum shows the required 12 lines, In the 7
spectrum we have only four lines. The strong w line appears in ¢
polarization as the second of the four strong lines, counting from the
short wavelength end. We shall identify the third line of this group as
being one of the missing m lines. This line can be seen on the long-wave-
length side of the strong 1 line only as an asymmetry in the lower half
of the strong m line.

The energy level scheme based on the studies summarized above is
given in Fig. III-5 for room temperature. Also shown are the observed
transitions. The experimental frequencies of these transitions taken at

room temperature are presented in Table III-2. The line widths and peak
To 4I

3/2 0 11/2

were also measured. These results are given in Table III-3, The strengths

. 4 o
cross sections of the F transitions at room temperature

were determined by comparing the fluorescence intensities to the intensity

4
of the 19/2 3/Z(a)

4
(e) = F3/2(b) resonance line, The laser transition 4F
+4 (a) is at 10 640.9 + 0,2} and is predominantly 1 polarized. For

h1/2
convenience, we have included a diagram to display the energy levels for

the 41 term in Fig. III-6.
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‘Figure III-4 Fluorescence of Nd:YV_O4 in the 0.9 region.
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Figure III-5  Classification of the energy levels of Nd in YVO4.
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Table III-2

OBSERVED TRANSITIONS OF ~1 ATOMIC % Nd3+

IN YVO, AT ROOM TEMPERATURE?
irs . . b ~1
Transition Polarization Valr(cm )
4 4
F3/2 @ '19./2
a-a ag,m 11 365.4
a->b g, T 11 253.2
a-c - n/o
a-4d o ~11 164
a-e o 10 929¢
b-a o, (m) 11 379.6
b-b o 11 267¢
b-c ag , 11 205.5
b-4d - n/o
b-e o, 10 943
4 4.
Fir2” haiye
a-a Os 1T 9 397.7
a-b g, (m 9 377.5
a~-cC o, 9 319.1
a-d o n/o
a-e o, 9 214.8
a-f g’ 9 185.9¢
b-a g, (m . 9411,9
b-b o,md 9 391.6¢
b-c o} 9 333.7
b-d o,md n/o
b-e g 9 228.8
b~ f G, 9 200.0

Values to 0.1 cm'1 are accurate to +0.5 cm"1 or better.
All other values are to +1 cm'l.

a. See Figures 2-4for traces of spectra. n/o means ''not observed''.

b. The g transitions which appear weakly in 1 polarization are denoted
by (m).

c. These values had to be deduced from other values because of
interference from neighboring lines.

d. This polarization was not resolved.
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+
C. FLUORESCENCE PROPERTIES

1. Introduction

- . e [1,2,7,8 ]
Due to a variety of results in lifetime measurements,
it is evident that a systematic study of the fluorescence lifetime as a
function of temperature is needed for Nd:YVO4. In this wor'k, measure-

ment of the fluorescence lifetime of the upper laser level, of

3/2
Nd: YVO has been obtained as a function of the concentration of Nd ions
(nomlnally 0.5, 1, 2 and 3 9%). and also.as a function of temperature for 1%
sample. In the.following sections, *"th“e»\-egperindental,.apparatus and pro-

cedures will be described and significant results will be presented.

2. The experimental apparatus

The fluorescence lifetime measurements were made using the experi-
mental arrangement shown in Fig. III-7., The output of a pulsed Argon ion
laser (0.5145 um, 4 usec FWHM and ~20 W peak power) was used to excite
the fluorescence from the Nd:YVO4 crystals (concentrations of nominally
0.5, 1, 2and 3 9 Nd3.+ ). . The laser power input to the crystal was moni-
tored by a photodiode (ITT model 4018, biplanar diode) and the fluorescence
signal was detected by a photomultiplier (RCA model 7201, S1 surface).

The signal from the phdtodiode was displayed on one channel of a dual
beam oscilloscope (Tektronix model 555) whose traces we’fe triggered by
the photodiode's signal. The other trace displayed the fluorescence decay
signal. _ .

The output of the Argon laser was horizontally polarized; the crystal's
c-axis was oriented in‘the vertical direction, providing minimum absorption
of the pump light, The lens, L (focal length 25 cm), was used to spread
out the laser spot size on the face of the crystal; the beam area was
measured to be 0.5 cmz. The filter, Fl (various Kodak neutral density

filters), allowed control over the input laser power to the crystal. The

+

J. G. Slmey, Jr. of the University of Southern California and the
Aerospace Corporation.
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Figure HI-'i. Diagram of Experimental Apparatus

laser pulse was monitored by a photodiode (ITT model 4018).H'i‘he1ens, -

'LZ (focal length 8.9 cm) was used tq collect the fluorescence from the
crystal and focus it onto the photomultiplier tube (RCA model 7102). Before
striking the photomultiplier, the fluorescence radiation Passes through two
filters, F2 and F3. The former is a narrow band-pass filter at 1..06 um
(Baird Atomic, model B2NIR, 54% transmission at 1. 06 um and 270 A
bandwidth). The latter filter was a sharp cut off red filter (Corning CS 2559,

80% transmission at 1. 06 um and negligible transmission below 0. 61 ym).

The aperture, A, which eliminated the directly reflected laser light,
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was connected té a housing around the photomultiplier so that stray light

could not leak around the filters.

The output of the photomultiplier, which was biased at ~1 KV, was
fed into a high-gain differential amplifier (Tektronix plug-in model 1A7A).
The differential amplifier had a seale ranging from 10 uyV/cm to 10 V/cm
and a variable bandwidth with settings ranging from 100 Hz to 1 MHz The
usual bandwidth setting used was 30 KHz; the vertical scale settings used
were typically 20, 50, and 100 uV/cm. The output of the photodiode,
which was biased at ~1 KV, was fed into a fast-rise calibrated preamp
(Tektronix plug-in model type L) in the oscilloscope. Typical traces are dis-

played in Fig. III-8. Multiple exposures were made on various time bases,

3. Crystals .

The crystals of Nd:YVO, used in these experiments_ were taken to be
nominally 0.5, 1, 2 and 3% Nd>" in YVO, as specified by Union Carbide.
Two groups of crystals were used. The first group to be tested had Be_en

cut and their faces polished flat and parallel, so that they were suita’.biye for

laser opem;ation; The 1% and 2% crystals of this group were antl .reflection
coated for 1.06 Mm, but the 3% crystal was not. - The 2% and 3% crystals

lacked a polished face at right angles to the faces polished flat and parallel
(9]

so that the right angle geometry as described by Garbuny could not be .
used. The geometry used for all the crystals tested in both groups was that

shown in Fig. III-7, which can be described as '"nearly head-on geometry''.

The second group of crystals were labelled spectroscopic crystals,

_ because their surfaces had not been ground and polished flat and parallel‘
but only polished. These crystals were not anti-reflection coated for
1,06 um. All the hfetlmes reported here were obtained using the spectro—
scopic crystals with the addition of the 2% and 3% crystals which were from

the first group.
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50 usec/cm traces 1 and 2
10 ysec/cm trace 3

20 usec/cm traces 5 and 6
5 usec/cm trace 7

Figure III-8 Typical Oscilloscope Traces

In the upper photo trace 1 is the background from the electronics used in
the experiment. The fluorescence decay is displayed in trace 2 and trace 3.
The traces labeled 4 are the laser pulses. In the lower photo, trace 5 is
the background. The fluorescence decay is displayed in trace 6 and trace 7.

The traces labeled 8 are laser pulses.
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All the crystals used in these experiments were grown by Union
Carbide using the Czochralski Method. Previous work by Pressley et al. [2-]
was with material grown by three different methods. The 1% spectroscopic
crystal was cut from the same boule as the specimen used in the 1% thin

(~1 mm) crystal for the absorption measurements.

K
4, Temperature measurements

The fluorescence lifetime of the 1% spectroscopic crystal as a
function of temperature was measured from 90°K to 465°K, For tempera-
tures below room temperature, liquid nitrogen was used to cool the cold
fingei‘. Both the crystal and the thermocouple were affixed to acgpper
block using a silicone heat-sink compound (G C Electronics, type DC-Z9)
to provide good thermal contact., The crystal was enclosed in a vacqﬁm
tight stainless stéel housing, which had circular windows (2.5 cm in

diameter). The collection lens, L_, in Fig. III-7 was 5 cm in diameter

v 2
and 8.9 cm from the crystal. The solid angle of light collected was

measured to be 2.5 x 10"1 steradians.

The other end of the cold finger was immersed in a dewar of3,1iqu{d
nitrogen. The typical temperature reco.rd.ed by the coppé‘r-(:or;stantalzwi"w
thermocouple after equilibrating for approximately one hour was 90°K,
. The thermocouple was connected to a cold junction compensator (West

Instruments Corp., model AC-II Autocomp). The voltage was read on a

microvoltmeter (Hewlett-Packard, model 425A DC Micro Volt-Ammeter).

For 'the tefnperatures above 300°K, the dewar was refnoved and
heating coils were wrapped around the copper conduction tube. Tempera-
ture measurements were made with a copper-constantan thermocouple.
Its ‘calibration curve was checked during the experiments by immersing
the thermocouple in liquid nitrogen and in a solution of ethyl alcohol and

dry ice. For temperatures above 300°K a thermometer-was used. The
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values measured corresponded to within a degree (®°K)} with those values

listed on the thermocouple's calibration chart.

5, Experimentab procedures
The data was reduced manually from the photographs and plotted on
semilog paper over se‘veral lifetimes. In each case, at least-two photo-
graphs with different time bases (20 usec/cm and 50 psec/cm) were used
to provide data for the semilog plots. Figure III-9 shows a semilog plot

of the 1 %.Nd:YVO4 lifetime data. .

In our calibration procedure we measured the fluorescence lifetime at
1.06 um of a Nd:YAG laser crystal (nominally 1% Nd) at room temperature.
We found its fluorescence lifetime to be 233 17 usec, which agrees with the

values published in the literature. L107 11]

Te = 97.5 psec

1 | | :
0 50 100 150 200 250
T (usec)

Figure III-9. Semilog Plot of the Normalized Intensity of 1%

Nd:YVO4 as a Function of Time
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An éiectronic boxcar was not used in this initial work, bécause the
signal to noise ratio was good and hence a manual data reduction was judged
to be adequate., A considerable number of photographs were taken; random
selectioh of photographs taken under similar conditions yielded almost
identical results when the data was reduced. _

Two methods of determining the uncevrta'inty were used. The first -
was the method of standard deviation, which yielded an uncertainty of

+3.8 psec for the 20 psec/cm time base photographs and 16. 6 pysec for ;

the 50 psec/cm time base. The second method was the geometriéal method.
The two worst lines were drawn through the data points on the semilog plots
and the differences averaged. This method yielded an uncertainty of + 8
usec for the 20 psec/cm time base and 48. 5 usec for the 50 ysec/cm. In
order to provide a conservative error estimate for the lifetime measure-
ments, an average value was obtained from the g, based upon the usual
statistical treatment of the data ana the larger uncertainties obtained from

the geometrical method. The uncertainty was computed to be 17 uusec.

6. Resiults

The lifetime as a function of temperature is given in Table III-4. The
graph of the lifetime as a function of temperature is given in Fig. III-10.
The fluorescence lifetime of the 1% Nd?"l~ sample was measured‘at various

temperatures ranging from 900K to 465°K.

Table III-4

; 3+
FLUORESCENCE LIFETIMES AT 1,06 um for 1% Nd

Temperature (°K) 90 180 300 - 377 453

T4l

T (Usec) L% 95 99,7  97.5°.107.5 871"
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Measurements of the fluorescence lifetimes of Nd:YVO4 at 1.06 um

were made at room temperature, 300°K, for 0.5%, 1%, 2% and 3% concen-

trations of Nd3+ in YVO,. The lifetimes for the four different concenfra-

4
tions are given in Table III-5. The graph of the lifetime of Nd:YVO4 as a
function of concentration is shown in Fig. III-11.
Table III-5
Nd:YVO4 FLUORESCENCE LIFETIMES AT 1.06 um
3+ ,
at. % Nd 0. 5% 1% 2% -3%
Te (usec) 106 +7  97.5 +7 74.2 +7 56,9 7.
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7. ‘Discussién

We have obtained dgta on the fluorescence lifetime of Nd:YVO4 at
1.06 um as a function of temperature and as a function of concentration.
Our data agrees generally with Pressley's[ 2] data which exhibited a
shortening of lifetime with increasing concentration. Howe've)r,:,“ our data
on the temperature dependence differs from that of Bagdasarox;: et'al.[ 1)
who reported. that the lifetime shortened with a decrease in température.

We found no change in the lifetime from 300°K to 90°K,

Two processes that shorten lifetimes are non-radiative transitions
and stimulated emission. Since non-radiative transitions do not play a role
at 900K, stimulated emission is the process that we think may be responsible

for shortening the lifetime at low temperature.

The following results are given lnsupport of the conclusion that

stimulated emission may be the process responsibie for the-shortened:

L[]

emission at 1,06 um has -been observed by Tuckertlz] at room temperature

lifetimes observed by Bagdasarov et a In the_first .‘.blagce',‘,lj?étimulated

in one of the Nd:YVO4 laser crystals in an experiment whose geometry

[2]

was similar to ours. Secondly, Pressley, et al.”  ~ reported a linewidth

narrowing at lower temperatures (9.& at 300°K and 14 at 90°K). Thirdly,

‘we observed that, when the laser beam area was expanded from a tight

focus to ~0. 5 cm2 on the 1% crystal's face, the fluorescence lifetime length-
ened. to the present value 6f 97.5 +7 usec. This lifetime was independent

of laser input peak power over the range from 2.75 W to 7.25 W.

8. Conclusions

The fluorescence lifetime measurements of Nd:YVO4 herein reported
represent by far the most thorough study of this important parameter. By
study of a variety of crystals of different concentrations over a wide tem-
perature range we have greatly enlarged the state of our knowledge. We

have shown that over the temperature range of 90 to 377°K, the fluorescence
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lifetime of the 4F3/2 ievel remains constant at approximately 100 pUsec

and decreases somewhat to 87 psec at 453°K - the highest temperature at
which lifetime measurements were obtained. These results have several
important implications for utilization of Nd:YVO4 as a laser' material. The
independence of the li‘fetime with temperature provides a strong indication
that the fluorescence efficiency of the 4F3/2 ievel approaches unity. In
many applications, the laser crystal requires cooling to maintain the crystal
at an operating temperature and in some cases,with only air cooling, the 1éser
crystal will be operated at temperatures in the neighborhood of 300°C and

higher., The Nd:YVO4 offers a clearly advantageous situation with‘regard

to possible operation above room temperature.

On the scientific side, the detailed measurements presented here
clarify the ambiguous measurements of earlier investigations; particularly

with regard to observation of shortened lifetimes at low temperature.

' The lifetime results as a function of concentration show the expected
trend. Over the concentration range of 0.3 to 1.6 PSL at.% .Nd, the lifetime
decreases from 105 to 60 usec at room temperature. This can be attributed
to concentration quenching - namely, non-radiative relaxation by transfer
of excitation to neighboring Nd3+ ions. The observed decrease in lifetirhe

- -has-been curve fitted to a-decaying exponential which is of the form -x*:l"lz

- where ¥ is the concentration in atomic percent Nd.
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D. The design of a lamp-pumped CW Nd:YVO4 laser

1. Introduction

In order to design a solid state laser it is necessary to know to what
degree the pump light penetrates the outer portion of the rod and reaches
the lasing volume. The fraction of the pump light that arrives at the lasing
volume is a function of the radius of the rod and the concentration of the
ion responsible for the light absorption. The fraction of the pump light
:Which is absorbed in a thickness d due to an absorbing ion of concentration

n_ averaged over wavelength A\ can be represented by the expression

JH,a (d, n ) dx
J:H}\d A

a =

(d, no) (1)
where H}\ is the spectral irradiance incident on the sample due to the lamp
and GX is the spectral absorptivity of the sample. The absorptivity is

related to the transmissivity TX by the relation

G)\=1-T)\, ) ) ) (2)

where, in the absence of non-absorptive scattering,

-Axd

- (3)
T)‘ e ’

and A)\ is the absorption coefficient. In other words, we are not concerned
here with the light that does not enter the medium (i.e., the light that is
reflected from the rod surface), nor with excitation of the lasing volume

that may occur by indirect schemes.

Gene.rally, the functions H)\ and (1)\ for a given lamp and rod, respec-
tively, are very complex, consisting of both broad bands and superimposed
strong, sharp lines. For this reason, a determination of @ should be done
experimentally using the lamp of interest, where the main difffculty would
be t“o properly account for or to eliminate the reflected light. This situa-

tion is probably more critical for uni-axial materials such as YVO4 which
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produce highly polarized spectra. In these circumstances the optimum
combination of pump cavity configuration, rod orientation, and rod geometry
is not obvious and may be complicated functions of not oniy d and n_, but

also of lamp input power (or energy).

In order to obtain a rough idea of the behavior of a, Eq. (1) can be

approximated by assuming H, is constant over the wavelength band of

A

interest. This gives
— A -1
a(d, n )~ (AN fo (dyn ) dr,

or, from Eq. (2),

-1
~ (AN [T - 1 (d,n)]dA, (4)

where A) is the bandwidth over which there is significant abserption. In

a transmission measurement situation, the quantity measured is trans-

mittance TXm which is related to T)\ by the expressi.on':l?’J
2
(1 -p )T
. A A (5)
Am 2 2 ’

where Py is the spectral reflectivity of the sample. If px<0 2, then Eq. (5)

can be approximated to give (within 4%)

woen (1-pd7 | (6)
This is a reasonable approximation since g)\ for the materials of interest
is a very slowly varying function in the wavelength regions of interest and.
p)‘ = 0.2 corresponds to a refractive index of about 2,5, Since 'YVO4 is a
positive uniaxial crystal and the extraordinary (m polarlzatlon) index is
2.34 at 4000A (3] Eq. (6) can be used. Assuming the transmtsston mea-

surement is made using a double-beam spectrophotometer such as the

Cary 17, T, can best be found by balancing the instrument against a pure

A
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(i. e., undoped), optical—éluaiity sampie of the host material, Y.VO4 in this
case, located in the reference beam., Otherwise, either the instrument
can be balanced for each absorption Band, or the transmission scale can
be renormalized for each band. In any casé, since the absorption occurs

in relatively narrow bands of lines, it is somewhat simpler to integrate

1 - Tl’ as given in Eq. (4), rather than T

A"
In evaluating Eq. (4), there is the problem of determining AA for
each band. This is clearly a matter of judgement since the bands are all
different requiring slightly different approaches for arriving at A).
Actually, this circumstance is not a point of great significance since we
are ultimately interested only in how @ varies with changes in the values
of d and n . That is, we can specify A)X for each band for a specific pair
of values of d and n_ and use these bandwidths for all combinations of d

and n_. Clearly, from Egs. (1) and (2), we can also obtain the averé,ged

transmissivity T from

T=1-0a. ()

2. Spectral analysis of a 2 % Nd in YVO4 crystal
Instead of using the straight-forward, but cumbersome method of

obtaining and integrating transmission traces of a number of samples

varying in concentration and thickhess, Yaney has chosen to measure care-

fully one sample having particuldr values of thickness (d) and concentration

(no). The sample used was the thin (L = 0.103 cm) 2% N4 in YVO4 crystal,*

Expanded traces of the absorbance D)\ (optical density) were obtained using

a Cary 17. The results of these studies are presented in Table III-6,

w7

ey,

e . e e cips ;.
x ‘absorption-coefficient, Ap’ values for the two polarizations within a given

“band. These differences can be rdug’hfy' characterized by .célculat'mg an
EN v,{ £

* Please refer to Chapter II, Section E for an explanation of the. definition
of concentration. ' * :
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Table 116,

Wavelengths A (in air) and Absorption Coefficients, Ap, of Peaks
and Shoulders in the Absorption Bands of 2'%;' Nd3+ in YYO4
Observed inTm and ¢ Polarizations at Room Temperature.

The State Identities Are Tentative.

State L g
A(ﬁ.,)[l] Ap(cm_l)[ZJ A(ﬁ)m Ap(cm'l)m
4. . Lo
Faip ) 9138 0.7 9144 0.6
ores - 8887 1. 6 8957 0.9, sh
) . 8799 37.3 8924 1.6
8745 0.9, sh 8877 2.0
8716 0.2, sh 8787 5.6
4 2
Feip Hgpp 8355 0.7, bd 8357 1.8
8214 1.8, sh 8293 0.3
8191 2.9, i 8198 3.4, i
8127 14.0, i 8164 6.3
8085 37.1 8135 3.7, i
8057 17.4, sh 8086 17.2
8019 6.3, sh 8065 10.7, i
7990 2.9, sh 8003 1.3
4 4
Foi20 S3/, 7748 1.3, bd 7885 0.6, bd
7621 4.9, i 7763 0.3, bd
7593 8.5, i 7678 1.6
7572 10. 3 7601 3.1, i
7525 11.2, i 7558 11.4, i
7506 11.8, i 7525 10.1, i
7498 12.3, i 7506 8.3, sh
7492 11.8, i 7467 5.6, i
7431 17.2 7427 10. 3
4F9/2 6938 0.4, sh 6906 0.4, bd
6894 0.7, bd 6841 0.4, bd
6844 1.3, bd 6792 0.4, bd
2y 6263 0.4 .- -
11/2 :
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Table III"—'6.~. continued

State ' i : 9
. )\(A)[ﬂ Ap(cm-l)[z] Mi\)[l] Ap(cm'l)[?‘]
4G5/2,(2634CD7/2 . 6046 0.3, sh 6103 5.8
6017 8.5, i 6049 3.1, bd
5984 43,8 6018 3.4, sh
5958 35.8, i 6007 4.2, sh
5944 38.7, i 5983 14,8
5932 32.2, sh 5958 . 15.6, i
5892 11.2, i 5942 16.3, i
5867 12.3, i 5933 16.3, i
5833 14.8, i 5894 32.6
5769 1.1, sh 5871 8.3, i
5854 7.2, i
5847 6.7, sh
5834 3.8, sh
5809 5.8, i
5796 17.2
4 .
Gy /a0 5435 1. 6 5460 0.1,

5 5412 5,4 5442 0.1, ¢
(G.,., K ) 538 0.9, sh 540 0.3, bd
9/2" “13/2 5357 0.7 5383 1.8, i

5335 2.0 5375 2.0, i
5328 1.6, sh 5367 2.5, sh

5304 4.5 5362 3.1

5291 1.3, sh 5353 2.2, sh

5279 1.3, i 5335 6.9, i

5260 2.2, sh 5327 14.1

5250 5.1, i 5310 1.6, sh

5226 4.5, i 5303 1.3, sh

5219 3.4, sh 5286 6.7

5204 5.1, i 5260 1.8

5174 3.1, i 5252 2.0, i

5119 3.4, bd 5249 2.0, i

5099 2.2, sh 5234 3.6, sh

5074 0.9, sh 5229 5.1, i
5222 4.5, i
5218 4,9, i
5206 2.0, i
5179 1.3, bd
5164 1.1, i, bd
5144 1.6, v bd
5115 0.9, sh
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Table III-6. continued

State LIS g :
ahytH Ap<cm'l)[2] A(hH Aplem™H?
(GG ), 4852 0.7 4908 0.7
, 9/2 11;2 4825 1.3, sh 4898 0.4
(P,D), ;5 K)o /s 4820 1.8 4858 0.2, sh
4809 0.7, sh 4839 0.4, i
4791 0. 4 4825 0.7, i
4761 5.1 4817 0.4, sh
4716 1.6, i 4809 0.4, sh
4675 0.9, bd 4799 0.4, i
4628 0.7 4793 0.4, i
4761 0.7
4738 0.4
4708 0.4, sh
4684 0.4, i, bd
4676 0.4, i, bd
4657 0.7, i
4651 0.7, i
4635 0.7, bd
2 4
.%o, , 4528 0.1, ? 4341 4.7
4424 0.2 4361 0.2
4374 2.9 4374 0.4
2
D, /s 4256 0.1 - -
4238 0. 4
Z(P,rn3/2 3851 0.1 3854 0. 4
3831 0.9, i 3842 0.1
3813 3.6, i 3834 0.2, bd
3805 2.0, sh 3820 1.8, i
3796 2.2, sh 3817 1.9, i
3814 1.7, i
3805 1.3, i
3801 1.6, i
3795 3.8, 8
3790 4.1, i
3785 1.5, sh
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Table III-6. continued

State il g
M‘&)[lj Ap(cm-x)[z] Mf\)[l] Ap(cm-1)[z]
4 2 .
D3/2, D5/2 3679 1.3 3679 0.2, i
3674 0.7, 1 3674 0.2, i
3666 0.7 3666 0.4, i
3661 0.:4, sh 3661 0.7, sh
3644 6.5 3648 2.2, 1
3626 14,1 3638 2.3, sh
3602 9.4 3635 2.5, i
3588 4,5, i 3623 5.8, i
3572 10.7 3612 3.6, sh.
3600 5.4, i
3572 6.5, i
3562 5.1, i
3548 14,8
3522 0.2

[1] Wavelength accuracy ~+ 1 A.

[2] Absorption coefficient values were measured with +0.1 cm-1 precision;
however, estimated accuracy gives &+ 5% additional uncertainty with
the stronger features being the more accurately measured cases.
~ Symbols: i - interference from a neighboring line or feature making
Ap simply the total strength at the wavelength of the peak; sh - shoulder
corresponding to an incompletely formed peak on the side of a neigh-
boring feature; bd - broad; v bd - very broad; ? - indicates question-

able existence. Double dash entry indicates that features were too

weak to be measured.
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average wavelength "\ obtained by averaging the wavelengths of peaks

weighted by the peak optical density Dp as given below.

_ E.lD A
N = —B L (8)

2.D .
i pi

where the sums are taken over all the peaks of the line group. The results of

these calculations a)xl'.,e given in TableIII-7,  As an example of the influence

of polarization on A, we note that } for the band located near 88004 changes

by 524 if the polarization of the incident light is rotated by 90°.

Optical density data allows a determination of the oscillator strength

14
f which is given by the expression [ ]

2
mc

i . ;
where n. and ng are the initial and final state population densities
(in ‘em” 7).; (the statis,tic'ai weights- of the levels in Nd:YVO4 are equal);
v .is the wavenumber (in 'cmi.l.)‘;te, ;the'.electronic charge; m, the electronic.’ .

.mass and c, the velocity . of light. If the bandwidth over which the integration

in Eq..(9) is taken is sufficiently small, then Eq. (9) can be approximated by

T2
~
f sz J’D}\d)\, (10)
_ -D
where A is given by Eq. (8), le 10 >‘, and
2
y = _mc 4n 10 . (11)

D Trez(n, -n)d
i I3
We wish to calculate an overall oscillator strength for each band of absorp-

tion lines. However, because the ground state consists of levels at

Y972
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0, 112, 174, 201, and 437 cm_l, [155 1é] there is some.question as tp an

appropriate value for n.. For these measurements n is negligible. From
the usual Boltzmann distribution, the populations of the above levels at

300°K are 40, 23, 17, 15, and 5% of no, respectively. Neglecting transi-

tions from the 437 cmk-"\1 level due to its small population, and averaging

the remaining populations gives n, ~0, 24 n . "The value of n_can be found

from the expression n =n x/ (a b ¢ ) wheren is the number of metal

o c 0 0 o c

atoms of the host for which an impurity atom can substitute in a unit cell -

of dimension a X bo X <, and x is the fractional atomic concentration of
,a =b =7.1234, ¢ = 6.2914, andn_= 4t17]

4 o o 20 o 3 c

thus with x = 0. 02, we find n_ = 2.51X10 " cm . Ford=0.103 cm,

the impurity. For YVO

we obtain from Eq. (11) zD = 41.9k. The integrals for Eq. (10) were
obtained by integrating the area under each band of lines using a plani-

meter. The resulting values obtained for ID)\d)\ and f are given in

Table II-7.

4 A A5, TR BT

We can estimate o from the values of J.Dkd)\ in Table I1I-7 where,

from Eq. (4), we have that

_ -1 . -Dy
a~ (ax) L1 - 10 Jax,

which can be further approximated to

awl-lo'Dsa'Dﬂ_-?F, (12)

where

b= (M)'ljnxdx.' (13)

- Basically, We arrived at Eq. (1.2) by replacing each band of lines by a
rec‘_tangﬁlar‘band of height D and width A) . As it was previously pointed
out in this report, any approach which does not account for the actual

spectrum of the lamp is already an approximate one, at best. Thus, this

II1-31



*(d wo1dag ‘I1 a93deyD @9s) apiqie)d uolup Aq umoid s J[oWU Sy} Ul % *}e 7 JO S818Bq Y} UO pajend{ed sanfep {%]

*31un £31suap feonndo s1 @ *%(¥ suid ¥ X [°0F~ SIUSWIINSBIW BAIR JO ADBINDOY [el
X/1 =6 ‘*9-III °19el pue 3xa3 uj (g) by e9g k4]
*poingesw 9¢ 0} YoM 003} 2I9M S3INJEdJ JBY} §93€01pUl AJjue ysep oqno( *s11ejap I0J 9-II1 2[qeL PU® 3X33} 39§ (1
82°0 86°0 PL°0  L9°I s§ 12 2°9 2 9°Ir  T°S¥ 88211 SSEIL 6588 L08S eeg,
85°0 ¥6°0 8E°0  02°T SET €6 43 1L 0°1s  €°[IT  ¥egel 99¢21  ¥II8 L808 ¢/by, elS g,
650 99°0 6£°0 L1970 SST S91 v LS 0°19  Z°LL I0EET €0€ET  B8ISL LISL ¢eg 2Ly
$0°0 20°0  L10°0 €££0°0 0s1 SEI 272 0% 6v°2  Lb'Y LO9PT SPSPL  9¥89 SL89 | e/ba,
- .- -- -- -~ - -- 520 -- L2°0 == L96ST == £929 _ e/,
€8°0 96°0 9L°0  9¥°1 022 09T 661 LLe 7991  6°26Z  ZI69T SEBIT  EI6S OP6S Loy D,) e Sp,
| | (@/Ey 2l
1£°0 82°0 9170  ®I°0 061 022 - S¥ 8% zeoe  L'IE 52681 61061  ¥#825 8525
.N\?Uv
: sty g a),
90°0 €1°0  920°0 090°0 061 09T  €°6 81 10°s  95° ¥0012 28602 19y 99L¥
..AN\:“O .N\GOJ
8€'0 92°0 12°0 €10 %9  II 0°¢ 183 ve 1 1 020€2 1¥822  ¥¥E¥ 8LEW ¢/ ay, ‘a,)
- - -- -- == = -- €0~ -- 1°0~ == bLSET a4 <4 ¢/sa,
82°0 22°0 L0 T1°0 Lz 9 It (A 8L "€ 60 % $6z92 5292  £08€ 608¢ ¢/e@ a),
€570 15°0  ££°0 I£0 - 8L 2L $8 (7] 9'se  ¥'ZZ 90187 €69 85S¢ 119€ ¢/sq, 2/tq,
Jo] u Jo] u Jo] s 0 n o u o] u e I 8338
a X {(yxa) (_ w)
a, d. (pyv ] re]'¥ [ey' - & E:NJ. _
ve a

*wd g0 °Q jo ssouwyd1yy ajdwes e ioj samyeradwre; w00l je suoijezizejod O pue i W poaiasqo YOAZ Ul
+¢PN %38 2 jo mm_w:Wn. uo13daosqe ayj jo Qd uoyeunixoadde ,aeinfuelosa,, ayj ul satjialydrosqe afesaae pue ‘d so11susp [ed13do aderaae
XV sYIpImpueq 2A1309J32 ‘J syjBuails iojeq(ioso ¢ @&Q._, so131suap [ed13do pajeadajul ‘Y syjBuarosem ofeisae pejySiam-4£3isuap-1eo13do

¢O>> 44 me %38 Z jo ‘sxojowrereq o1dodsorydads
L- 11 Enm.ﬁ

III-32



"rectangular' approximation is really within the bounds of the approxima-
tion that H)\ in Eq. (1) is constant for each band,i - also a '""rectangular"
approximation. The choice of an effective bandwidth AM is clearly impor-
tant in this approximation. Generally, the values of AK_, given in ’i‘able III-7
were arrived at by summing the widths of the dominant features and Tines
in each band where the widths were measured at about the half-maximum
values. Thus, most values of AA in Table III-7 are not~actuall WidtPs bat
are the widths of the "compressed'' bands, that is, mimimum wi_dths that
would occur if the dominant lines and features were placed as close as
possible to each other within each band. The values obtained for D \and‘
'&D from Eqgs. (12) and (13) are given in Table III-7. We note that ED.. for
the strong bands at 8807, 8087 and 59404 in T polarization are nearly

unity for this sample.

This approach to & provides a means for characterizing the depen-
dence of ;FD on n0 and d for each band. Using Eqgs. (10) and (1_3), Dis

given by

2
A

>

f

D:Z

A (14)
D .

Since f.:D is inversely proportional to the product n d, Eq. (14) can be re-
. le) ’

written
-2 .
~ A~ — -
D = =
r 7 Ay - Dr (15)

where r is the ratio of any particular value of nod or xd to the value for
which ZD is calculated. For each band, f, X, and A\ are constant; thus,

—

we can plot for each band log Tp versus r from the expression

log T_= -D '
og TD Dr, (16)
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- obtained from Eqs. (12) and (15). These plots for the strong bénds are
presented in Fig. III-12 and were obtained using the values of D given in
Table III-7, Clearly, the -T—D values obtained from Fig, HI-IZ should be
compared to the values of ¥ obtained from direct integration of transmis-
sivity traces as described by Eqs. (4), (6) and (7) to strengthen our confi-
dence in this approach. Nevertheless, we anticipate that the plots in Fig.
I1I-12 provide a reasonable picture of the relative behavior of the various
absorption bands for wider ranges of values of Nd3+ concentration and
depth of penetration of incident radiation than can be easily obtained by -
any other approach. In order to show the validity of Eq. (15), transmissi-

[18]

| was- obtainéd for .a . number of Nd:YVO, crystals as

vity ‘data 4

a function of Nd ion concentration _and thickness.

The values of r for the three Nd:YVO, crystals from which trans-

4
missivity data have been obtained are as follows:

Table III- 8
1% - 2% 3% fe
LL=0.116 cm L=0.103cm L=0.072cm" -
r= . 0.563 1 1.05 )

Since the absorbance can be found directly from the measured
values of the transmissivity, one can calculate it and compare it with the
value obtained by the product of r and the absorbance obtained for the
2% thin crystal uéing traﬁsmi‘ssivity data., The following examples_using

the 752 nm/m band illustrate the procedure.

Bl% = -log T »
‘1% = 0. 0651 53% = 0.119
Dyg, = Do

‘.‘T)‘I% = 0. 0698 ‘5'3% =0.130

The two values agree within the limits of the accuracy of the transmissivity
measurements. The values of the following bands, 881, 809, 594, 477 and
438 nm /1T, were calculated [1'8] in the same fashion and good.agreement was

obtained for both the 1% and 3% absorbances.
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i3. Determination 61' pump power absorbed in Nd:YVO4 laser rods
In order to apply Fig.III-12 to the design of a CW laser, we note tha't the

choice of resonant cavity fixes the diameter of the lasing volume dl, and

that the minimum diameter of the laser rod is determined by rod-fabrication

limitations. Generally, it is more efficient for the pump light to be mostly

absorbed on the first pass th_rough the laser pod since much of the tran57

mitted light will be lost due to multiple reflections off of the cavity Wa\_lls

and the rod surface. Thus, making the laéer rod diameter dr smal\'-»l.‘bi":iéqu;ii'es

a large ion concentration x; however, because of ion-lattice interactions

and other procesées, it is common thatk the fluorescence lifetime T, of the

f

laser transition decreases for x> 1%. (In fact, this shortening of 'rf at

1.06 ym was observed in Nd:YVO See Section C of this chapter.) A

decrease in Te increases the thresiold’power requirement of the laser there-
by placing a limit.on the size of x. Also, the optical quality of a laser rod
generally begins to deteriorate when x >1%. Therefore, we will specify

a design value for the product xd for a given lamp and a given average

transmissivity T ., which, from the above -considerations, will permit us to

obtain values foder and x.

A reasonable target value for FD is 20% (aD = 80%) for a single pass
through the rod diameter. From Eq. (16), as seen in Fig. III-12, intercepts
between the plots and the 20% line for bands (a) through (d) with the excep-
tion of (a)o g.ive values for r between 0.42 and 1.84. A design value for r
can be obtained from an average over these values weighted by the strengths
and wavelengths of the bands, f and A, respectively, given in TableIII-?
and by the approximate radiance N (or irradiance H) of the lamp in these
bands. The inclusion of -i comes from the fact that the pump power at
threshold (for a given population inversion) is inversely proportional to the
pump light wavelength. In addition, we must account for the polarization

dependence of the bands. To do this, we assume the laser rod is cylindrical

in shape and is irradiated uniformly around the cylindrical axis with

unpolarized light of radiant intensity #. In other words, the light is focused
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Figurelll-12 The average transmissivity for 7 and ¢ polarizations of the

strong absorption bands centered at \ of Yl_deXVO4 obtained using the

""'rectangular'' approximation on the bands as a function of x and the depth

of penetration of the incident radiation d.

Atr =1.0, x =2%andd = 0,103 cm.

The lines labeled ;Kr and ?Q-I are the average values obtained for r using

Eq. (17) for a krypton lamp and a quartz-iodine tungsten-filament lamp,

respectively.

See Tables NI-7 and III-9 and text.



on the rod axis as would occur in a long elliptical-cylindrical pumping
cavity with an ideal line source. The 1.06 um laser transition occurs in
m polarization; therefore, the c-axis is perpendicular to the cylindrical
axis of the rod. Thé radifan:c power of the-light polarized parallel to the
rod axis integrated around the rod is PHON 21k, and induces ¢ transi=
tions, ' The light polarized perpendicular to the rod axis induces both «
and ¢ transitions, Integrating this light around the rod gives Pf =
P_LTTNTTkJ, where k is constant. Thus, the 0 bands must be weighted by a
factor of about 3 over the m bands for this configuration. A design or

average value of r can be found from

Z.lr_w,
T = Lttt (17)

Zow,
Lt

where w, = pifi-iiNi (or W,l = pif.l'i.lHi) with p, = 1 or 3 for the M or ¢ bands,

respectively, and the summation is taken over the m and 0 bands of interest.

Among the lamps commonly used for CW pumping of neodymium solid-.
state lasers are the krypton:plasma lamp and the qﬁartz-iodine tungsten-
filament lamp. Values of the radiance N_l for a continu(Elf(sa]klzypton lamp
were obtained by integrating the spectral radiance trace” ~ over the bands -
of interest (i.e., over AA in Table III-7), The areas of the line s‘_pectra of
the lamp were weighted by the ratio of the actual approximate optical den-
sity of the absorption band at the wavele'ngth of the line to the average
optical density D of the band given in Table III-7. A small allowance for
the spectral width of the instrument was included. The results of these
approximate measurements of N,L, the values of r,l from Fig. 111—12, an'd the
weighting factors W, for the krypton lamp are presented in Table I‘I'I-9._vr
Clearly, the 0 bands dominate the contributions to the summations in Eq.

(17). We obtain from Table III-9 and Eq. (17) 1 = 1.48‘_' for this case.
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Since xd = 2% X 0.103 cm at r =1, then xd = 0.31% cm. Thus, for a rod
having dr = 3 mm, a concentration of about 1% is obtained. We note from
Fig. IIL-lZ“,a‘t r ~ 0, 5T Whic_,h,‘ for a given concentration, corresponds to
the center line of the rod, three of the five "étrongest” bands (i.e., the
bands having the largest w's), have values of '?D close to 50%. This is a

reasonable situation.

The calculation of w. in Eq. (17) for the quartz-iodine lamp is some-
what simpler since the lamp spectrum is smooth. Using tabulated values
for spectral irradiance H., of a 1000-watt lamp operated at a correlated

[19]

color temperature of 3063°K, values of Hi were obtained by calculating
AXHX at )\ for each of the bands of interest. These values plus the corre-
sponding weighting factors for this case are also given in Table III-9. Agam,
applying Eq. (17) we obtain t = 1.32 which gives %d = 0.27% cm. For a‘

rod with dr = 3 mm, a concentration of 0. 9% is recommended by this
approach, This is 10% lower than that recommended above for krypton

lamp pumping. The reason for this shift is quite evident from Table IH-?.
Recognizing that the weighting factors,w,in Table II1-9 indicate, for the given
lamp, the relative contributions .of the bands to the pumping of the Nd3+ ion,
then it is clear that the krypton lamp pumping bands (b) and (c) at ~8100

and ~7500 f\, respectively, dominate the contribut'ions t;hereby causing T to
favor the higher values of r associated with these bands. With quartz-iodine
lamp pumping, on the other hand, band (d) at ~5900% is dominant with signi-
ficant contributions from bands (b) and (c); thus, the value of r is shifted

down towards the small values of r obtained for band (d).

Within this admittedly oversimplified view of this problem, the values
of T obtained above for the two lamps are '"universal” values in that they

define a plot of T_ versus r for each lamp from which any value of T can

D
be used to find the corresponding values of r and xd. These plots are
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Table III-9. Ratio Parameter r (at :FD = 20%) Versus Radiances N (or

Irradiances H) and the Corresponding Weighting Factors w,

of Two Different Lamps for the Absorptio.n Bands of Nd:YVO

in ™ and 0 Polarizations ’
_ Krypton Lamp . Quartz-Iodine Lamp
Bandtt] 1] e w3 g4 - W3] |
mW pm- W oW o pm ' nW\
\ MMZ' BT mm? . st cm? cm®
(d) 0.42 0.4 0. 008 68 R T
(a)o 5.00 0.6 0. 01 - 216 3.6
(b)_ 0.58 52 3.0 229 13.1
(b)0 1.84 79 6.1 333 25.9
(C)n 1.49 51 2.2 382 16.4
(C)o, 1.79 34 ' 3.4 359 36.4
(d)Tr 0.48 2.9 0.5 227 37.4
(@), 0.92 5.1 1.8 308 108. 7
(e)n 5.00 2.8 0. 0% 207 5.2
(e)O 4,37 2.5 0.2 ' 86 6.1
(1] See Fig. III-12 and text. The values for D in Eq. (16) are given in
Table III-7.
[2] . See Ref.19 and text, Lamp was operated at 35 A and 65 V. It had
a 5 cm arc length, 5.5 mm bore diameter, and 2 atm. gas pressure.
B3] w= prN or pfAH where fand A are given in Table III-8. See text
- . concerning the polarlzatlon welghtmg factors p. :
g[4] -;,_A'See Ref.19 and text. Lamp. was a GE type DXW rated at 10.0 Ww.

It was operated at 8.00 A and: H .was measured at 50 cm. The
correlated color temperature was 3063°K,
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also'éhbwn in Fig.IlI-12, For example, with fh‘e‘krypton iamp and ;D = 10%,

r = 2.11 corresponding to xd = 0.44% cm. In general, once determinations

of d,% and minimum laser-rod diameter that can be conveniently (or
dependably) fabricated have been made, a trial value for dr can be specified.

The Nd ion concentration is then obtained from x = xd/dr. If"l‘f is signifi-
cantly reduced at this value of x, then the largest permissible value of

x is used to calculate dr.
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Iv. LASER PERFORMANCE OF Nd:YVO4 AT 1060 nm*

A, Introduction

Lasers of high efficiency and low thresholds are required in diverse ap-
plications, such as communications, ranging, and meteorology. The Nd:YAG -
laser has represented the state-of-the-art in most applications requiring low
threshold and efficient lasers, O'Connor [1] had observed almost 10 years
ago that Nd:YVO4 possessed a larger stimulated emission cross section at
1. 06 u than Nd:YAG and obtained low-threshold laser operation at 90°K. Re-
cently, detailed spectroscopic measurements quantified O'Connor's observa-
tions by showing that the stimulated emission croés‘ svecrti;on of a-axis Nd:YVO
at 1,0634y was 4.6 times greater than that of Nd:YAG at 1.0642, [2]

The superiority of Nd:YVO

4

4 lasers at 1. 06y over Nd:YAG is demonstra-
ted here by a comparison of the laser characteristics of small spectroscopic
samples of Nd:YVO4'with a high optical quality Nd:YAG laser rod. The com-
parisons were affected by end-pumping with cw and pulsed argon ion lasers

at 514.5 nm, with emphasis on cw performance. Development of Nd:YVO4
lasers is hindered by the lack of large ( 3 X30mm) laser grade crystals. How-
ever, difficulties in vanadate crystal growth have been identified and large

[3]

Assessment of the performance characteristics of Nd:YVO4 lasers re-

laser-grade crystals may soon be available.

quires knowledge of the gain and loss coefficients of this material, and the
doping level which optimizes laser performance. The determination of the

parameters required for analysis of laser performance is described below.

B. Determination of Laser Parameters

The equations describing the laser performance can be derived from

consideration of the laser threshold condition::

R'1 R'2 exp ZL(nuG-A) =1 (1)

"A. W. Tucker and M. Birnbaum at Electronics Research Laboratory; The
Aerospace Corporation
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where the symbols stand for the following: R} and R} are the corrected
mirror reflectivities, (see explanation which follows); L, the length of the
laser sample; n , the density of Nd3+ ions in the upper state of the laser
transition; o, the peak stimulated emission cross section; 4, the total
losses per cm (exclusive of transmission losses by the mirrors) which in-
clude, for example, diffraction losses, excited state absorption, and scat-
tering losses. The rod ends were plane parallel and carefully aligned with
the plane, dielectric coated, end mirrors. In laser operation, the Fabry-

Perot condition for maximum reflectivity o, _ [rl/g + R

2
[ 1+ (rR)l/Z]

of the crystal and R, the mirror reflectivity. [4]

should be a good approximation with r, the Fresnel reflectivity

In cw operation, the upper level populatlon is related to the pump power

according to equation (4)

f P T o8
n = b_a'_ : (4)"
u hvpV

where n, is the population per cm3 of the upper laser level, n, the quantum

3+ . 4

efficiency, namely, the fractional number of Nd~ ' in the level per

F
3/2
absorbed photon; fB’ the fractional population in the upper laser sublevel of
4

the F3/2 state; Pa , the pump power absorbed by the laser crystal; T, the
fluorescence lifetime of the 3/2 level; h\)p, the energy per pump photon
and V, the volume pumped. Substitution of (4)* into (1) yields:

mf_ P .
Rv_v  C2LA - RYRy (©)

2'Lo

where P, = P at threé‘ﬁbld.
T a

The advantages of our method, namely, the accessibility of the quantities in

equation (6)*to direct measurement have been described earlier, [5]

* Repeated Equation (2) and (3) from Page IV 14 and IV 15 Eun,a‘tiQn-"
numbers correspond to page IV-14 and IV- 15, R
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A number of auxilliary measurements are required to estimate Pa'

This is illustrated in Fig. IV-1.

H
i

FRONT MIRROR| {4 — Y& — |BACK MIRROR

The fraction of the incident power, I, absorbed by the crystal is A = l-e'-'a’L
where « is the absorption coefficient and L the pathlength through the crystal.
A correction must be applied to account for the reflection of the incident
‘beam from the various surfaces, and must be considered in estimating Pa'

Methods of measurement of reflectivities and other parameters are described
in the following sections. ‘

1. Measurement of Pa Absorbed Pump Power
The reflection and absorption coefficients of the samples were deter-

mined at the pump wavelength of 514, 5 nm. The YVO4 crystals are bire-

fringent and consequently, the optical coefficients depend upon the orientation
of the plane of polarization, for example, whether the pump beam polarization
is along the a-axis or c-axis of the crystal. Maximum absorption of the

514, 5 nm pump beam occurs when the polarization is parallel to the c-axis
for an a-axisrod. Allmeasurements in Section IV-C refer to the arrange-

ment with the pump light polarization parallel -to~the—Y*VO4‘ ‘¢tFystal c-axis

rods.
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A diagram of the experimental arrangement for measurement of absorbed -

pump power is shown in Fig. IV-2., A polarized cw argon ion laser at 514.5 nm

«XYLENE IN
OPTICAL CELL DIFFUSER
25cm K L. .
\\ e T PHOTODIODE
0 : N L | ‘
=
/
‘ARGON ION "ELECTRONIC
LASER SHUTTER
Nd:YVOd OR Nd:YAG O
SAMPLE
© OSCILLOSCOPE

+ Fig. IV-2  Absorption of Nd:YVO4 and Nd:YAG Samples
at 514.5 nm,

was adjusted for operation at 100 mW. The beam was chopped with an
electronic shutter at a 10 pulse per second repetition rate which provides

2 ms pulses for a 2% duty cycle, thereby reducing the heat load., The beam
(pélarized pa'rall-el to c-axis) was focused into the sample with a 25 cm focal
length lens. To reduce effects of surface reflections, the crystal was im=
mersed in xylene (index of refraction, 1.505). Although the index match
was not exact, the surface reflections were less than 2%, which results in

a small correction to the directly measured values. The ratio of the power
detected with the sample in xylene and with the sample removed, provided
the fraction of pump light absorbed by the sample. Measurements for 'pump
polarizations parallel to the c-axis and the a-axis were obtained; the values;

are listed in Table IV-1. Values in Table IV-1 were not corrected for the
: !

Iv-4



small index mismatch. Since the measufements were performed with an
514.5 nm argon ion laser, we would also need to account for the possibility
that the crystal acts as an etalon. How closely the resonance condition is
fulfilled is generally unknown. However, these measurements can be used
until greater accuracy is required. The c-axis of the crystals was deter-
mined by first obtaining laser action and then measuring the polarization

- direction of the 1060 nm output beam which is parallel to the c-axis. For
each sample, absorption measurements were obtained by directing the beam
at 3 different positions on the sample. Ten measurements were obtained at
each position.. The standard deviation of an entry of Table IV-1 is estimated
to be + 0.25%.

TABLE IV-1
SUMMARY OF ABSORPTION MEASUREMENTS

Orientation of C-Axis

with respect to Absorption
Polarization of Absorption, A Sample Length Coeff1c1?nt |
SAMPLE? 51452 Pump (%) (cm) . o(cm
1% YVO, E// C 44,4 . 483 1.215 |
ELl C ' 42.1 1.131
2% YVO, E// C 76.3 . 749 1.922
ELlL C 74. 4 ~ 1.819
3% YVO, E// C 89. 8 . .795 2.871
EL C 88.9 2.765
1% YAG #1 N/A 54. 4 1.275 .616
1% YAG # 2 N/A . 42.8 0.955 . 585
a

and 1% YAG #1 were AR coated at 1060 nm;

The 1% YVO 2% YVO
the 3% YVO

4

4 and 1% YAG #2 were not.
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In the first progress report under this contract, we \showe;d that in the
case of the 1% Nd:YVO, crystal, losses at 1060 nm were approximately 16%
per cm. These losses were ascribed mainly to scattering from inclusions
of 1 - 3 microns .which cause mai'nly small angle scatteriﬁg. . Inour
geometry:(Fig. IV-2) thﬁ'iS’scatte'_r'e_d .1ight ‘would be seen by our‘ I;hoto-‘
detector. Consequently, small angle scattering does not affect our measure-
ment of the transmitted light and, consequently, does not result in a fictitious
absorption.

For the Laser Performance tests in Section IV-C, a Lexel 504 power
meter was used to measure the pump power absorbed at 514.5 nm by measur-
ing the input, output, and reflected pump power from the Nd:YVO4 laser.

In addition, an ITT F4018 bi-planar photodiode with an S-1 photo-sensitive
surface was used to monitor the 514.5 nm input power. A 5% difference was
noted using the two techniques. An EMI 9684 QB photomultiplier with an

S-1 photo-sensitive surface was used to monitor the output power at 1060 nm.
These three detectors were calibrated at 514.5 nm and 1060 nm, respectively,
with a TRG ballistic thermopile. The nominal accuracy of these calibrations
was approximately +2%, +2% and +10% for the Lexel 504, ITT F4018, and

the EMI 9684 OB, respectively. The Lexel 504 and ITT F4018 were cali-
brated using a commercial argon ion laser while the EMI 9684 QB photo-
multiplier was calibrated at 1064 nm with a "noisy'' commercial Nd:YAG

laser.

e
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2. Reflectivity of Crystal Surfaces at 514.5 nm

In determination of the laser pa rameters, values of the reflectivity
of the crystals at both the pump and the laser wavelengths are required. A
diagram of the experimental arrangement is shown in Fig. IV-3, Many
features of the measurement procedure were similar to those employed in
absorption measurements and refers in particular to the output power and

dufy cycle of the argon ion laser.

!

The pump laser was placed 1.7 m from the crystal and focused onto !

the crystal surface with a 1 m focal length lens placed 112 c¢cm from the
crystal surface. The crystals were oriented with the c-axis of the crystal
parallel to the pump beam polarization and were tilted for a one-degree de-
flection of the reflected beam (plane of incidence normal to polarization
direction of incident beam). Reflections from the rear surface were sup-

pressed by immersion in xylene as shown in Fig, IV-3,

/CHAR 7
RECORDER
T CRYSTAL ORIENTATION:

. a-AXIS] TO LASER BEAM
\ € OR A-AXIS [ TO LASER E

APERTUREJ

Fig. IV-3 Single Surface Reflection of Nd:YVO4 and Nd:YAG
: Samples at 514.5 nm.
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Normal incidence reflectivity (approximately) was obtained by mea-
surement of reflected light in the arrangement of Fig. IV-3. Following
this, ‘the crystal was removed and the light reflected from a reference
mirror (100% reflectivity) in the same position was measured. The ratio
of these values yielded the surface reflectivity of the crystal. For com-
pleteness, reflectivities for polarization parallel to the a-axis were also
measured. For each sample, the reflectance at 3 different positions on
the sample was obtained. The values were based upon 10 measurements
at each position. The estimated standard deviation was 1+ 0.4%. These

results are summarized in Table 1V-2,

TABLE Iv-2
SUMMARY OF MEASUREMENTS OF REF LECTION
COEFFICIENTS AT 514. 5 nm

Orientation of C-Axis . Calculated Reflectance
With Respect to Measured from Refractive
' a Polarization of Reflectance, r Index
SAMPLE 51454 Pump (%) ¢ (%)
1% YVO, E//C 15.6%
2% YVO4 E//C 15.3%
E//A 12. 7%
3% YVO, E//C 14. 6% ‘ 14.9%
EA/_/A 12.3% 11.4%
1% YAG #1 N/A ‘ 9.1%
1% YAG #2 N/A 8. 0% 8.6%

2 The 1% YVO,, 2% YVO, and 1% YAG #1 were AR coated at 1060 nm;

the 3% YVO4 and 1% YAG #2 were not.
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3. Reflectivity of Crystals at 1060 nm

In order to evaluate laser performance, knowledge of crystal reflec-
tivity at the laser wavelength is required. It is generally simpler, however,
to eliminate these reflections by AR (anti-reflection) coatings. Such coatings
were applied to the 1% and 2% of Nd:YVO4 samples at USC. The AR coatings
were nominally <1% at 1060 nm when first applied. The effectiveness of the
coatings diminished with use and the passage of time.

The experimental arrangement is shown in Fig. IV-4 and is similar to
that of Fig. IV-3 except that a cw polarized Nd:YAG laser (25 mW at 1064 nm)
was used as a source with the output beam polarized parallel to the c-axis of
the crystals. The laser samples were fabricatéd with plane parallel ends and
consequently could function as etalons. The reflections from the rear surface
of the non-AR coated samples can be suppressed by immersing the rear sur-
face in an index-matching liquid such as xylene. However, xylene is in-
adequate in that there is still a weak reflection from the rear surface result-
ing from the incomplete index match. A correction can be made to take this
into account. The samples with AR coated surfaces were measured both with
back surfaces immersed in xylene and with back surfaces in contact with air,

Two techniques were used to measure the surface reflectance of the
crystals. In the first method, the reflection of the crystals (both AR and non-
AR coated samples) with the back surface immersed in xylene was measured
and compared with the reflectance of armominally total reflector at the same
position. A correction was applied to the measurement to account for the
index mismatch. In the second technique, the back surface (both AR and
non-AR coated samples) was not immersed in xylene and a correction was
applied to the non-AR coated samples only."’ The reflected power was monitored
using achart recorder and averaged over a 5-minute period to an accuracy of
about +2%. (Agreement was obtained within experimental error.

The results of these measurements are summarized in Table IV-3., The
crystal AR coatings appear quite effective in suppressing surface,reflections
at 1060 nm (except for the 2% YVO4 crystal). Nevertheless, the laser crystals,
fabricated with plane parallel faces, functions as an etalon and can exhibit a

substantial effect depending upon how closely a resonance is approached.
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APERTURE— LENS \

I\ !
v\25 cmEL,
/ LENS
Nd . YAG
LASER
Fig. IV-4

Surface Reflectivity of Nd:_YVO4 and Nd:YAG
Samples at 1,064 pm.

TABLE IV-3 .
SUMMARY OF SURFACE REFLECTIVITY OF CRYSTALS AT

1060 nm
Measured Index of
a Reflectance, r Refractionat 1. 06p
SAMPLE (%) of Pure Material
1% YVO4 0.6 E// C 2.168
2% YVO, 1.6 E// A 1.958
3% YVO4 13,1
1% YAG #1 0. 06
1% YAG #2 ' 8.9

1.8186

2 The 1% YVO,, 2% YVO, and 1% YAG #1 were AR coated at

1060 nm; the 3% YVO4 and 1% YAG #2 were not.
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4, Optical Isolator

Although the technique of laser pumping has proved most effective
in determining the laser parameters of new materials, a difficulty was
encountered in application of the method. Optimum adjustment of the crystal
laser under test proved troublesome because of optical coupling (feedback)
between the pump laser (Argon ion) and the test laser (Nd:YVO4). This prob-
lem could be circumvented by use of an optical isolator which functions in a
manner analogous to the familiar microwave isolator. However, optical
isolators are not generally commercially available.

An isolator, using Faraday rotation, was constructed and tested
(Fig. IV-5).[.6]The rotator consists of two slabs (single crystals of ZnSe)
( each 2.16 mm thick (AR coated for 514. 5 nm) and mounted between the drilled
. pole pieces of a permanent magnet. Special pole pieces with a 0.7 cm
gap, (shown in Fig., IV-5) produce the required 7 K gauss for a 42.3° rotation
of the polarization plane of the 514.5 nm light in a single passage through the
érystals. A Glan- Thomson prism (oﬁ the input side) passes the pump light
from the laser but blocks the reflected signal which has been rotated 90o
by two passes through the rotator. A drawback of the rotator in its present
form is that about 50%.0f the pump light is absorbed by the ZnSe crystals.

A description of the optical isolator is_presented in Appendix I.

FARADAY ROTATOR
ASSEMBLY

4500 GAUSS PERMANENT

MAGNET
ﬂ:j[}% — S H” | — |
. f bl -
CW ARGON ION  / t, \ [ Nz YVO,
LASER / LASER
{GLAN REFLECTED
THOMPS ON oriLend BEAM
PRISM POLE
PIECES \ZINC SELENIDE
AR COATED @ 5145
Fig., IV-5 Optical Isolator Using a ZnSe Faraday Rotator
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C. Comparative Laser Performarice of Nd:YVO4 and Nd:Y AG

1, Introduction

We have already demonstrated that cw laser operation can be
obtained With small samples of Nd:YVO4 and Nd:YAG. An advantage of
the Nd:YVO4 crystal (compared to Nd:YAG) is that the output, for an
a-axis cylinder, is 100% plane polarized. Most communication systems

use polarization modulators which require a polarized laser output.

The superiority of Nd:YVO, lasers at 1060 nm over Nd:Y AG is
demonstrated here by a comparison of the laser characteristics of small
spectroscopic samples of Nd:YVO4 with a high optical quality Nd:YAG

laser rod. Development of Nd:YVO, lasers is hindered by the lack of

large (3 x 30 mm) laser grade_crysfals. The comparisons were effected
by end pumping with a cw argon ion laser operating at 514. 5 nm. A
major advantage of the laser pumping technique is that only small samples
are required. This permits demonstration of feasibility and measurement
of the required laser parameters without requiring an expensive and
time-consuming crystal growth program. On hand samples of Nd:YVO4
were utilized in the performance of this work. _

| A knowledge of the stimulated-emission cross section is esséntial
in evaluating laser-system parameters such as maximum gain, optimum
mirror reflectivity and maximum output power. The use of the laser end-
pumping techniqué not only simplifies the measurement but affords a
unique method for comparing directly the sﬁmulated-émission cross section
of Nd3+ at 1060 nm in a variety of different hosts.

Stimulated-emission cross sections were obtained from measure-
ments of the laser threshold power as a function of mirror reflectivity.
The equ>ation describing the laser performance can be derived from con-
sideration of the laser threshold condition, which states that for a
fluorescence material to exhibit laser operation, the round-trip optical

gain resulting from pumping, including feedback, must exceed the

* ) .
A, W, Tucker, J. W. Erler and M. Birnbaum at Electronics Research
Laboratory, The Aerospace Corporation :
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round-trip losses within the cavity;

R; R} exp 2L (g-8) = 1 (1)

where Rl' and Rz’ represent the effective mirror reflectivities, L is the
length of the laser crystal, g is the single-pass gain coefficient at threshold,
A is the total internal losses per cm (exclusive of transmission losses by

the mirrors) which include, for example, diffraction losses, excited state
absorption, and scattering losses. The rod ends were plane parallel

and carefully aligned with the plane, dielectric coated, end mirrors.
Corrections were applied to account for end reflections of the rods in

cases where the samples were not anti-reflection coated. In laser operation,
the Fabry-Perot condition for maximum refleéfivity should be a good

approximation,

R - [rl/Z + Rl/z]2

1/2] ) (2)

[l + (rR)

where r is the Fresnel end reflectivity of the crystal and R, the mirror
reflectivity. '

For a four-level material when the population in the terminal level
is negligible, the small signal gain coefficient, g, is related to the popu-

lation density of the upper laser level, n, by,
' g, =on (3)

where 0 is the peak stimulated emission cross section of the laser transition.
In cw operation, the upper level population density is related to the

pump power absorbed according to equation (4):

n fB Tpa

z & (4)
u hy V
P

n

where T is the quantum efficiency, namely, the fractional number of Nd3+

ions in the 4F3/2 state per absorbed photon,* hvp is the energy per pump
photon, ~ is the spontaneous radiative lifetime for transition between upper

and lower laser levels, Pa. is the pump power absorbed by the laser crystal,

*This quantity is close to 1 for most Nd doped laser crystals;[lé] the ratio
Tyag to nYVO4 should be unity to a close approximation.
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V is the volume pumped, and fB is the fractional number of Nd3+ ions
in the noted laser sublevel of the 4F3/2 state. . For Nd:Y AG, the laser
transition originates from the upper sublevel of the 4F3/2 state so that

fB for YAG is,

£ = 1

B~ |, hcl(av) /KT

where h is Planck's constant, c is the velocity of light, K is Boltzman's
constant, T is the Kelvin Temperature and (Av) is the level splitting

in wavenumbers between the upper and lower sublevels of the 4:F3/2 state.
For YAG, (Av) = 88 cm‘l. For Nd:YVO4, the laser tra‘ns'ition originates
from the lower sublevel of the 4]5‘3/2 state so that fB for YVO4 is,

_ 1
B - o - DCAV/KT .

1+

where (Av) = 14.2 cm_l.

Combining equé.tion (3) and (4) one obtains for the small signal gain
coefficient, A
o} 'ﬂfB T Pa.

- hy V (5)
. Vp ‘

For operation at threshold, g.= 8o Upon substitution of equation (5) into
equation (1) it follows that,

P.-2LA (6)

ZLoN fB'r
T

? r _
-Ln R R, = < BV

where PT = Pa at threshold.

One of the more difficult quantities to measure in a four-level laser
system, such as Nd:YVO4, is the loss factor, A. The main feature of
our method is the directness with which the laser threshold power, P,
can be determined. By plotting the laser threshold power as a function of
-Ln R'1 R”Z’ according to equation (6), the loss cdefﬁcient, A, is obtained

from the ordinate intercept at E, = 0.
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The stimulated-emission cross section of the sample is determined
from the slope, M, of the P, vs. -Ln R'1 R:Z plot according to equations (7)

T
and (8),
’ ’
Mz-d(-LanRz) ) T]fB - » L .
S dPp, hVPV’
hv
' P
=M —Jg=+—— (8)
: 81 fB T . _
d°L |
where —-11—4-—— is the volume of the pumped filament.

From equation (8), an absolute determination of the cross-section
requires a knowledge of the diameter of the pumped filament which is a
difficult measurement to obtain with the required degree of abcuracy.

Computation of the stimulated emission cross section of one sample
in'terms of a standard sample can be obtained more accurately since the
diameter of the pumped filament is not required. All that matters is that
it be the same for both samples.

The value of the stimulated emission cross section for Nd:Y AG,

Oy AG’ is well documented. The value we will accept here is that reported
by Singh, Smith and Van U1tert[ ] as 4.6 x 10 9 The value of the
stimulated emission cross section of Nd: YVO4, OYVO , can then be

determined in terms of Oy AG from the ratio,*

Syvo M(Yvo4)”‘fB ] (vac)

4

yac  Myac)[Mig7] (YVO,)

o (9)

The small signal gain coefficient, 8o and the single pass rod gain,
Go, are valuable parameters in specifying the performance of the laser.
Combining equations (7) and (4) and using the experimental value of

Ovvo determined from equation (9) we obtain the population density of

each sample as a function of pump power absorbed.

*Fluorescence of Nd3t in crystals has never been observed from higher lying
states than the 4F3/ This provides very strong evidence that the pump
quantum efficiency (T\) is very close to unity for Nd:YAG, NdYVO, and other
crystals that have been studied [ref. 7, p 2567]. .
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M Pa
n_ = (10)
u 2 Lo YVO4 _

Knowledge of atomic per cent of Nd+3 ions in the samples allows one
to calculate the population density of Nd+3 ions in the ground state, n_,
from the expression;

oo Ad (11)

—T
Mpng - My) R Myvo

4

where A is Avogadro's number, 6. 023 x 102'3 molecules /mole;MNcl is the
atomic weight of neodymium, 144.27 gm/mole; MY is the atomic weight of
Yttrium, 88.92 gm/mole; MY\VO 4 203.87

gm/mole; R is the atomic per cent of Nd+?> in the. samples;eand d is the density

is the molecular weight of YVO

of the sample in gm/cm3. The values of R and n_ for each sample are listed
in Table IV -4. ‘
Table IV —4
GROUND STATE POPULATION DENSITY, n

Atomic Percent n
Crystal Nd+3 (cm_3 X'1019)
Nd:YVO4-1 0.67 8.43
Nd:YVO, -2 0.86 10. 7
Nd:YVO, -3 1.34 17.0
Nd:YAG-1 0.89 4, 12

Using these values for n_, and equation (10), the population inversion
density as a function of pump power absorbed may be calculated from

equation (12)

n MP
( “) = =T a (12)
n, %yvo, "o

IV-16



The small signal gain coefficient, g, can be found by combining equations
(5) and (7)

= P S (13)

n
several values of P_ and a plot of g_ vs. n_u' ‘ ®’can be obtained for each

(e]

Using equations (12) and (13), go and (n_u) can be calculated for

sample. .
Finally, the single pass rod gain, LnGo, may be calculated from
equation (14) |
M o |
- P (14)

Ln G =g L =
(o] o a__

A plot of g, and Ln Go vs. Pa can be obtained for each sample using equaticns
(13) and (14) respectively.

Last quarter, the spectroscopic parameters and lifetime studies of
Nd:YVO4 required for analysis of the laser feasibility tests were completed.
In addition, calibration of the apparatus and determination of auxiliary
parameters such as .reflection and absorption coefficients required for
measurement of the las.er characteristics of Nd:YVO4 were also completed.
Finally, upon final construction of the Faraday rotation optical isolator,

which could be useful in precise determination of Nd:YVO, laser parameters,

the laser feasibility tests were started. :
This quarter, most of the effort was devoted to analyzing the laser
performance of Nd:YVO4 such as assessment of both the loss and gain co-
efficients of the material, measurements of slope efficiencies, and com-
parison of the stimulated emission cross section and the saturation para-
meter of Nd:YVO, to that of Nd:YAG. Three crystals of Nd:YVO,, of
different dopings of neodymium, were used in this study and were com-
pared to data obtained with a crystal of Nd:YAG. The study was performed
by pumping the crystals with a chopped c¢w argon ion laser beam at 514. 5 nm
and monitoring the 1060 nm output of the crystal laser. The losses, 4,
and the stimulated emission cross section, 0, were determined for each
sample by measuring the threshold power absorbed, P, as a function of

the mirror reflectivities, R1 and R Six output mirror reflectivities were

2
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used in the study and the slope efficiencies for each mirror set were
determined. The small signal gain cbefﬁcien:t? 8o and the single pass
rod gain, C'o were calculated to assist in engineering comparisons.

In a comparison of Nd:YVO4 and Nd:YAG at 1060 nm, the superiority
of the laser characteristics of Nd:YVO4 was demonstrated (Fig. IV-12).

2. Experimental Procedure

The oufput and input measurements were made using the experimental
arrangement shown in Figures IV-6,-7 respectively. The crystals were
pumped by an argon ion laser operating at 514. 5 nm. The beam was
chopped with an electronic shutter which provided 2 msec square pulses
at a rate of 10 pulses per second. The input beam was then focused into
the crystal with a 25 cm focal length lens. The crystals were pumped
along the a-axis with the c-axis oriented parallel to the polarization of
the pump beam. The samples were polished to a flatness of 1/10 A with:
the rod ends parallel to within 10 arc-seconds. The Nd:YAG-1, Nd:YVO4-1,
and Nd:YVO, -2 rods were anti-reflection coated at 1060 nm while the

Nd:YVO, -3 sample was not. The resonator consisted to two plane parallel
mirrors; one a total (100%R) reflector at 1060 nm, M1 and the o';her a partial
reflector at 1060 nm, MZ'
~ The input pow‘e“r .rafl‘éed from 50 to 9 00 mW_;nd was monitored by a N
power meter in the cw mode (shutter open) as shown in Figure 2. At the
same time the input power, Pl', was set, measurement of the transmitted
power, P'Z, and reflected power, P'3, were made using the same power .
meter. Bandpass filter 2 (Corning 4-96), which has 80% transmission at
514.5 nm and negligible transmission above 680 nm, stops any 1060 nm
_output from interfering with these measurements. P'l, P and P'3 are
corrected to their appropriate values Pl’ PZ’ and P3, respectively, when
multiplied by the attenuation constant which corrects for filter trans-
mission, beam splitter reflectivities, and back surface reflection losses
from M, and M,.
A calibrated EMI 9684 photomultiplier, with an S-1 surface, was

used to measure the 1060 nm output power, Po' The output power at
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1060 nmm was measured on a pulsed basis to reduce thermal effects in

the crystal. As a check on the above cw measurements, the input power
was again monitored off a beam splitter wifh a photodiode and observed

on a dual beam 6scilloscope simultaneously with the 1060 nm output pulse
from the photomultipiier tube. Bandpass filtér 1 (Corning 7-56), which

is 70% transmitting at 1060 nm and has negligible transmission below

750 nm, stops any unwanted 514. 5 nm pump power from entering the PMT.
The input power was set at levels ranging from threshold to 900 mW.

P’l, P’2 and p'3
and 1060 nm output pulse on the scope was taken.

were measured and a photograph of the 514. 5 nm input puls.e

Data was obtained on three different crystals of Nd:YVO4 and one
crystal of Nd:YAG at the six different output mirror reflectivities. The
three crystals of Nd:YVO4
mium as shown in Table IV-4.. Nd:YVO4—1 was run twice to check the
reproducibility of the data. The fourth crystal was the Nd:YAG-1 which

were doped with different amounts of neody-

served as the reference sample. The mirror reflectivities used were 99,
94, 85, 78, 71, and 63 percent at 1060 nm for the output mirror and 100
percent at 1060 nm for the input mirror. '

The data obtained gave Pl’ PZ’ P3 and the output power, Po’ at
approximately 10 power settings for each mirror. Equation (15) was

used to calculate the absorbed power, Pa'
Pa=P_1 - (P, + P3) (15)

3. Results

Slope efficiencies were obtained for each sample at each output
mirror reflectivity by plotting Po vs. Pa' The highest slope efficiencies
were obtained for the Nd:YVO4-2 sample and this data is shown in Fig-
ure IV-8, The lines shown were determined by making a least squares
fit to the data points.

Threshold powers were obtained by observing the 514. 5 nm input
power at which the 1060 nm output could no longer be detected. Using
these thresholds a plot is made of P at threshold vs. -Ln R R;.

The loss coefficient, A, was obtained from the ordinate intercept at
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PT = 0 according to equation (6). A plot of all crystal data is shown in
Fig.Iv-9 and the single pass loss coefficients are listed in Table IV-5.

Table IV-5

LOSS COEFFICIENTS FOR Nd:YVO4 SAMPLES

Round Trip Losses, : Single Pass Loss
Crystal - 2LA 5 Crysta.(l-crl;.le)ngth, L Coef_f11c1en1;,-213
(nepers x 10 ) {cm =~ x 10 7)

Nd:YVO4-l 8.73 0.483 9.04

(run 1)
Nd:YVO, -1 5.16 0.483 5.34

(run 2) , -
Nd:YVO4—2 8.18 0.749 5.46
Nd:YVO4—3 6.15 0.795 3.87
Nd:YAG-1 2.98 1.275 1.17

The difference between runland run 2 of Nd:YVO4-l is seen to be only a
change in losses which is indicative of non-uniformity of the crystal.
The slopés of the two runs are about the same. The lines drawn were
determined by making a least squares fit to the data points.

An important parameter determined this quarter is the peak
stimmulated emission cross section, 0. This was determined from the
ratio of the slopes of the P, vs. - Ln R'1 R'2 plots for Nd:YVO4 and Nd:YAG,

T _
respectively, using equation (9). In Table IV-6, the associated data and the

°(Yvo4)/°(YAG) -
and accCepting the value of 4.6 x 10

values for each sample are shown. From these ratios,

19 cm-z for Nd:YAG[q'], the value

-18 -2
c

of o was determined to be 1.24 x 10 m .

(YVO4)
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Table IV-6
Fluorescent Boltzmé,n
1 uor
Crystal SIS M| Lifetime, « | Factor, i | “(¥vo,)/ %(vaG)
(w ) (nsec) :
Nd:YVO, -1 2.485 97.5 . 5165 2.739
(run 1)
Nd:YVO, -1 2.407 97.5 . 5165 2. 653
(run 2)
Nd:YVO, -2 1.834 74.2 .5165" 2. 656
Nd:YVO, -3 1. 470 56.9 .5165 2. 777
Nd:YAG-1 1. 709 240.0 .3953 N/A
°Yvo4 4 18 2
Average =2.706 +.053 oyvo. = 1.2 x 10 cm
YAG 4

Using this value of g

YVO,’

the data in Tables IV-4, -6, and equations

(12) and (13), a plot of the smaﬁ signal gain coefficient, g, as a function

of the population inversion density,‘\n‘u,/no can be obtained. A plot of g, vs-

Finally, the single pé.ss rod gain, LnGo, may be calculated using

3 n.u_/no is shown for each sample in Figure IV-10,

equation (14) and the data in Table IV-6. A plot of s and LnGo VS. Pa is

shown for each sample in Figure IV-11,

. A question often asked about this kind of work is, how well does it

agree with the theory.

Last quarter the fluorescence lifetime, 1, for the

various samples was determined. From equation (7) a fairly simple check

of the data can be performed. If the ratio of T(l)/T(Z) between two samples

of the same host material is compared with the ratio of their slopes, M

of the PT vs. - Ln R'1 R,'Z plots (see equation(7), it is possible to see if

2

the agreement is good or not. In Table IV-7, the tatio is"determined between

the samples using the Nd:YVO4—3 as the reference. The agreement is

acceptable within experimental error.
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Table IV-7"

Fluorescence Slope, M T M
Crystal Lifetime, 7 -1 T _ M _
(usec) (w ) A(YVO4 3) (YVO,-3)
Nd:YVO4-3 56.9 1.47 1 — 1.00 1. 00
Nd:YVO, -2 74.2 1.83 - 1.30 1.24
Nd:YVO, -1 97.5 2,48 1.-71 1. 69
(run 1)4
Nd:YVO,-1 97.5 2,41 1.71 1.64
(run 2) ' '

A comparison of,the laser performance of Nd:YVO4-2 and Nd:Y AG-1
is shown in Figure IV*—IZ. The Nd:Y_YO4-2 was c‘ho,.sen, as it is( nearest the
doping of the YAG at 0.72 at %. The data of Figure IV-8 indicates that the
optimum output mirvror reflectivity for N'd:YVO;;Z is 85%, but further work
needs to be performed to confirm this. The data taken with this mirror
has been used in the comparison to Nd:YAG. The optimum output mirror
reflectivity for Nd:YAG was also aetermined to be 85%. The slope
efficiencies for Nd:YVO4-2 and Nd:YAG using an 85% mirror reflectivity
were 28% and 20%, respectively. By assuming a loss coefficient for the
Nd:YVO4-2 sample (heavy solid line) equal to that of the Nd:YAG {ro‘g‘l, the
expected performance would be that shown by the dashed line in Fig. IV-12,
This shows a significant improvement in threshold, a reduction by about

a factor of 2.

4. Operation of Faraday Rotation Isolator with the Nd:YVO, Laser

Last quarter a Faraday rotator was developed to isolate feedback
from the Nd:YVO4 laser cavity into the Ar+ ion pump laser. Optimum
adjustment of the crystal laser under test proved troublesome because of
optical coupling between the pump laser and the test laser. The purpose
of the isolator was to remove this difficulty. The isolator performed as
desired, but several side effects made its use less desirable. The major

problem seemed to be a thermal effect in the ZnSe at high power levels
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that led to beam divergence. A second problerh was an overall loss of
about 50% from the argon laser to the Nd:YVO4 laser under test. As the’
output of the argon laser is limited, the range of data points needed to
adequately analyze the performance of Nd:YVO4 could not be obtained. Due
to these problems, the isolator was not used in the examination of laser
performance. . '

The laser performance of Nd:YVO4, using the Nd:YVO4—2 sample,
was evaluated with and without the isolator in place. The characteristics
of this crystal were evaluated in the manner described in Section IV -1
through IV-3., The isolator was positioned along the input beam line in the
manner shown in Flg IV-5. The characteristics (of the Nd:YVO4 laser)
measured included the slope efficiencies at various mirror reflectivities,
the crystal losses, and the stimulated emission cross section ratio,

GY%IOAL/OYAG' A comparison of this data is shown in Table IV-8.

Table IV-8

EFFECT OF THE FARADAY ROTATION ISOLATOR
ON THE Nd:YVO4—2 PERFORMANCE DATA

Performance of Performance of
Nd:YVO4-2 Nd:YVO4-2
with Isolator without Isolator
Output Mirror Slope | Threshold Slope Threshold
Reflectivity Efficiency Power || Efficiency Power
(%) (%) (mW) (%) (mW)
99 2.4 . 48 4.1 43
94 19. 4 88 ‘ 25.9 70
85 24.1 132 . 28.1 114
78 22.8 162 " 24. 6 162
71 . 22.5 207 | 21.7 197
63 18.4 266 : ‘15,9 224
1 -1
Losses, &4 = 0.057 cm A =0,.055cm
°Yvo4 | °yvo,
=2.41 —_— = 2.66
9YAG 9YAG
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Within limits of experimental uncertainty, the agreement of the losses and
cross section ratio are acceptable. The small difference in the loss factor
could be due to a slight change in the positioning of the crystal between the
two experiments and the different technique used to measure the input power,
namely, off a beam splitter instead of measuring the direct beam. (A beam
splitter is necessary in measuring the input power without the isolator be-
cause optical coupling between the test laser and the pump laser increases
the input power. Measuring the input power directly necessitates inserting
the detector between the test laser and the pump laser. This results in
eliminating the feedback and would therefore give an erroneous reading of
the true input power.) The most disturbing differences in the two sets of
data are the lower slope efficiencies obtained when using the isolator. This"
was attributed to a thermal effect in the ZnSe of the rotator causing a
defocusing of the input beam at higher power levels. It was observed that

at shorter input pulses, the effect was less significant than at longer pulses.
With continuous operation, the output at 1060 nm would disappear altogether.
Without the rotator, this effect was not observed. In light of the above dis-
cussion, the agreement of the losses and cross section ratio, which required
measurements at low power levels near threshold, can easily be understood;
while the disagreement in slope efficiencies, which required operation at
higher power levels, follows.

When the isolator was first considered, output instability was attributed
to the feedback. In this quarter we found that most of the instability was due
to crystal vibration. Efforts are in progress to minimize vibration effects
by utilization of a flotation type of optical bench and by utilization of new

mounts for the mirrors and the crystal.
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D. Wavelength Measurement ~

1. Introduction

It is generally useful and important to know the output wavelength of
the laser. We list here a number of applications in which this may be re-
quired: design of an amplifier, selection of dye for Q-switching, design of
narrow-band transmission filters, and design of dielectric mirrors, etalons,
and other equipment. Consequently, we report the determination of the out-

put wavelength of the Nd:YVO4-1 laser.
2. Method

The experimental arrangement employed was practically identical to
that shown in Fig., IV-6, Both cw and chopped-cw were utilized. Some of
the essential characteristics were: cw 514.5 nm pump power of 550 mW;
10 pps with a 5 ms pulse duration for chopped operation.

The output wavelength of the Nd:YVO4-1 laser was determined using
a 1/2 m spectrometer with the following characteristics: 590 grooves/mm
grating blazed at 1.0 pm; 5 pm slit width; grating scanning rate, Zz\./min;
dispersion 0. 084 /mm. Calibration of spectrometer was obtained by use of
a cw Nd:YAG laser with operating wavelength of 1064, 2 nm.

With reference to the Nd:YAG laser, the output wavelength of our Nd:
YVO,-1 laser was 1064,10 + 0,05 nm. This is very close to that of Nd:YAG.
In fact, the Nd:YVO4 amplifiers could be used with Nd:YAG and vice versa.

E. Output Beam Characteristics

1. Introduction

In many applications, for example, space communications, ranging and
tracking, the laser beam characteristics (divergence, mode purity, TEMooq)
are of paramount importance. The output beam characteristics of the Nd:YVO4

laser pumped with an argon ion laser were studied.

*A. W. Tucker, C. L. Fincher, and M. Birnbaum at Electronics Research
Laboratory, The Aerospace Corporation
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2. Measurements

The experimental arrangement is shown in Fig. IV-13, Observations
were made using both the Nd:YVO4-1 (0.41% atomic percent Nd+3) and the
Nd:YVO4-2 (0. 72% atomic percent Nd+3

end-pumped by a Spectra Physics model 165 argon ion laser operating cw at

) samples. The Nd:YVO4 laser was

514.5 nm. The input power to the Nd:YVO4 laser was 540mW and was focussed
into the sample by a double convex lens, L1, of 25 cm focal length. Lowest
threshold was obtained when the lens was positioned 27 cm from the center

of the sample. The Nd:YVO, laser cavity consisted of two planar dielectric

4

coated mirrors, M, and MZ’ of 99% and 94% reflectivity at 1060 nm, respec-

1
tively, and separated by 8,25 mm. The cavity length was kept fixed for both

the Nd:YVO4-1 and Nd:YVO4-2 samples. The Nd:YVO4-1 sample was 4,83 mm
long and the Nd:YVO4

to put the C-axis normal to the laser cavity. The crystals were pumped along

-2 sample was 7.49 mm long. Both samples were cut

the A-axis.with the C-axis oriented parallel to the polarizationof the pump
beam. The 1064 nm output was observed to be completely polarized parallel
to the C-axis.

The intensity distribution of the 1060 nm output beam was observed with
a TV camera and monitor. In order to make quantitative measurements of
the beam profile the video signal from the camera was displayed on a dual
beam oscilloscope. One beam of the scope was used to display a single hori-
zontal sweep of the video signal from which the horizontal beam intensity dis-
tribution"was obtained. The second beam was used to display the peak in-
tensity. ofieachchorizontaly sweep which corresponds to one vertical frame.
The wertical-beamiintensity distribution was obtained from this data.

A 105 mm focal length lens, F3, was positioned 37,4 cm before the TV
camera in order to magnify the beam pattern incident on the ground glass
placed at the lens object plane (14.3 cm before the lens). In order to reduce
laser speckle effects, the glass was rotated at 3600 RPM to ''smooth out' the
intensity profile as observed by the TV camera. All beam pattern measure-

ments were referred to the calibration established at this object plane. The
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calibration was performed by placing apertures of known diameter -at-the ob-
ject plane. Light reflected off the rim of the apertures produced a video
signal which was displayed on the oscilloscope. Obviously, no light was
reflected from the aperture itself and resulted in the absence of a signal.
The signal as observed on the oscilloscope as a result of light reflecting

off the rim of the aperture resulted in a dip in the trace. The temporal
width of the dip then corresponded to the spatial width of the aperture,

The horizontal intensity distribution of the beam was measured on a 5 psec/
div time base and the calibration was 78.4 pm/usec. The vertical intensity
distribution of the beam was measured on the 2 msec/div time base and the

calibration was 229.8 pm/msec. A Corning CS 7-56 filter, F., was positioned

in front of the TV camera to block the 514,5 nm pump beam. lln addition, neu-
tral density filters, FZ, were used to reduce the 1060 nm intensity and prevent
saturation of the vidicon tube.

Far field measurements were made by setting the ground glass at the

focal point of a 50 cm focal length lens, L,, positioned 67.65 cm from the

output mirror, MZ’ of the Nd:YVO4 laserzas shown in Fig. IV-13, Near
field measurements were made by positioning the ground glass at the image
plane of a 15 e¢m focal length lens focussed on the output mirror, MZ’ of the
‘Nd:YVO4 laser. The image and object distances for near field measurements
were chosen to be 100 cm and 17,69 cm, respectively, which provides a mag-
nification of 5.67,

In addition to using the TV camera to monitor spatial characteristics of
the output beam, a photomultiplier was used to monitor temporal and amplitude
characteristics of the 1060 nm .output.

Twenty sets of observations were made using the Nd:YVO4-2 sample.
First the Nd:YVO4—2 laser was adjusted for maximum output power as observed
on the photomultiplifer. This corresponded to 40 mW at 1064nm with 350 mW
of absorbed power at 514.5 nm. Next the photomultiplier was removed and the
near field and far field patterns of the 1064 nm beam were recorded using the
TV camera. The horizontal and vertical profiles for both the near and far field

are shown in Fig. IV-14, Similar results were obtained for the Nd:YVO4-1
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sample with maximum output at 1064 nm corresponding to 24 mW with 208 mW
of 514,5 nm power absorbed.

From these patterns, beam spot size and beam divergence were calcula-
ted and recorded in Table IV-9. Note that measurements of the horizontal
width and vertical width are the same within experimental error (+ 4%) and sup-
port the conclusion that the beam is symmetrical about the laser axis. Measure-
ments of the 514.5 nm pump beam at the sample are included in the table for
~ comparison purposes. If the patterns are Gaussian then the ratio of the width

at the e"2 level to the width at the e~ ! level is /2. The data in Table IV-9
supports the conclusion that the beam is Gaussian within the + 4% experimental
error and that the laser is operating in the TEMoo mode.

We found consistently that adjustment-of the laser for lowest threshold
corresponded to TEMoo mode output. These detailed results differ from those
obtained by P. Yaney (reported in the lst quarterly progress report). Yaney's
work was performed very early in this study and we believe that they resulted

from an artifact in his experimental arrangement.

3. Conclusions

Operation of the Nd:YVO4 Jaser at 1064 nm in the arrangement of Fig.
IV-13 resulted in TEMoo mode operation. TEMoo mode operation was con-

sistently observed when the Nd:YVO4 laser was adjusted for minimum threshold.
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V. CONCLUSIONS AND RECOMMENDATIONS

A, Conclusions

The major efforts of this contract were concentrated in the areas of
spectroscopy and laser performance. For completeness, in Chapter II,
Section A a description of the current state-of-the-art of crystal growth
of Nd:YVO4 is presented which is followed by a description of the physical
and crystal characteristics of Nd:YVO4. In Chapter III a detailed descrip-
tion of relevant spectroscopic properties of Nd:YVO4 is presented and in
Chapter IV the CW laser performance studies of Nd: YVO4 are presented.

The spectroscop1c measurements were utilized to specify the Nd: YVO
rod parameters which would result in an efficient laser. The absorption
characteristics folded into the lamp spectrum of a quartz-iodine lamp indi-
cated that a 3 mm diam.rodwith 0.9 at.% Nd conc. would result in efficient
operation.* However, general results are presented (Fig, III-12) which

would enable a similar analysis to be readily performed for other lamps.

Detailed measurements of the fluorescent lifetime of Nd: YVO4 as
a function of temperature and Nd concentrations are presented (III-C).

These results indicated that (1) the lifetime does not decrease with de-
creasing temperature, (2) the lifetime for dilute samples (0. 5%) is ~ 105us,
and (3) concentrations in excess of 1% will result in fluorescence lifetime
shortening.

In Chapter IV detailed comparisons of laser performance of Nd:YVO,
and Nd:YAG are presented. The pumping method utilized CW and chopped
CW argon ion lasers at 514.5 nm. Although this differs from lamp pumpihg
which will be used in most applications, the comparative performance of the

materials determined with laser pumping will closely approximate anticipated

results with lamp pumping.

* Please refer to Chapter II. Section E for an explanation of the definition of
concentration.



A typical comparison of the performance characteristics of Nd:YVO4 .
and Nd:YAG is shown in Figure IV-12. Note that the Nd:YVO4 laser exhibited
a lower threshold and higher slope efficiency than the Nd:YAG despite its
higher internal crystal losses. For a Nd:YVO4 laser with internal losses
equal to that of Nd:YAG-1, its predicted performance (the dashed line) showed
a lower threshold by almost a factor of 2. In the intermediate output power
range (above threshold by about a factor of 2 to 3) the output of the vanadate
laser is almost twice that of the Nd:YAG laser.

In Table IV-6 measurements of the stimulated emission cross section
of Nd:YVO, at 1.06y are summarized., It is 2,70 times that of Nd:YAG or
1.2 % 10'"'1 cmz. The output wavelength of the Nd:YVO
and equals 1064. 10 + 0. 05 nm..

A study of the output characteristics beam intensity profile and beam
divergence showed that the Nd:YVO4

(lowest order gaussian) with a corresponding beam divergence.

4 laser was measured

laser to operate in the TEMoo mode

In summary, our measurements have shown that Nél:YVO4 can substan-
tially outperform Nd:YAG, Development of lasers of this type then, can re-
. sult in substantial system improvements when utilized in spaceborne high
data rate communication systems and other applications which place a high pre-

mium on low threshold and high efficiency operation.

B. Recommendations .
Attempts to build prototype equipment with Nd:Y VO4 are hampered by
a lack of crystals of adequate size and optical quality. Crystal growing is
hampered by lack of sa,tisfactdry crucible materials. However, other
techniques can be used which solve the problem posed by the crucible. It
is anticipated that laser quality Nd:YVO, will be available in the near future.
A prototype Nd:YVO4 CW laser su_ita.ble for laser communication appli-
cations should be developed. This will permit detailed assessment of thermal
" and other problems which may be encountered in CW operation with lamp

pumping at required output levels.



~C. Reports and Papers

The following publications and papers resulting fro;h this contract
effort are in preparation: (1) Fluorescence Lifetime Vof the 4F3/2 Level
in Nd:YVO4;
and 1.34p; (3) Spectroscopic Measurements and Analysis of Pump Bands
in Nd:YVO,.

4 : '
It is intended that papers (1) and (2) will be presented at the December

(2) Stimulated Emission Cross Section of Nd:YVO, at 1,06

meeting of the APS at Stanford University,




V. APPENDIX I :
FARADAY ROTATION ISOLATOR FOR 5145f LASER LIGHT*

A, Introduction

In operating a Nd:YVO

4 laser oscillator usihg the laser pumping
technique, optical feedback from the oscillator to the pump source can be

" a serious problem when the pumping power is sufficiently high. For
example, 1-3% feedback may be observed in some cases for 1-1.5 watts
of argon ion laser input radiation. This feedback problem can affect
accurate measurements of laser performance as well as system stability. »
To minimize such feedback, an isolator has been developed at U.S. C. for

use in the Nd:YVO, laser performance measurements. The Nd:YVO,

4
laser uses an argon ion laser operating at 5145k as the pump source,

An isolator is a nonreciprocal optical device to insure one-way optical

-transmission.with minimum loss. One of the common methods for obtain-
ing this one way optical transmission is by utilization of the magneto-optic
Faraday effect. The Faraday effect is the magnetically induced rotation

of the plane of polarization of light incident on and propagating through a
medium. The angle of rotation 6 is proportional to the length d through

the medium and tobthe magnetic field strength B along the propagation
direction, and is described by 6 = VBd, where V is the Verdet constant of

1]

the medium. The F#raday effect is nonreciprocal since the sense of
the rotation is determined by the direction of the magnetic field and not by
the propagation' direction of the light. The basic isolator consists of two
polarizers with a magnet and material causing ~45° rotation placed between
them. The acceptance planes of the polarizers are oriented at ~45° to

each other so that light passed by the first polarizer will be passed undimi-

nished by the second. However, in the reverse direction, due to the

'*  Work on this chapter was performed by J.A. Wunderlich, U.S.C. Partial
support provided by Naval Weapons Center, China Lake, California.
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Faraday rotation, light admitted to the isolator by the second polarizer

will not be passed by the first.

B. Isolator design

The correct choice of Faré.day material is the main consideration
in design of Faraday rotation isolators, Materials with a low Verdet
constant require high magnetic fields and/or long path lengths to achieve
the necessary 45° rotation. To obtain high magnetic. fields one must use
an elaborately cooled electromagnet. To successfully utilize long path
lengths, one requires a material of high optical quality with low absorp-
tion coefficient. In our design a short length of ZnSe and low field strength
were used due to the high Verdet constant of the material at the wavelength
of interest. A permanent magnet provides the isélator field. By suitable
design and positioning of external pole pieces, the effective field strength
of this magnet may be boosted from a nominal 4505 gauss to the necessary
field strength (7019 gauss) for rotation of 42021', To provide this rotation,
a sample with thickness of 0.432 cm was utilized. The ZnSe was AR coated
- for 51454 radiation normally incident. Figures VI-1 and VI-2 show the
essential components of the ZnSe isolator. The polarizers were Nicol
(#1) and Glan-Thompson (#2) calcite polarizers. The extinction ratio

was less than 0,001 at 5145 A,

Verdet constant measurements were obtained using three CW visible
lasers: HeNe laser (Spectra Physics model 133), argon ion laser (Coherent
Radiation model 52), .and a rhodamine 6G dye laser (Spectra Physics model
370). The laser beam was passed through a polarizer, air core solenoid,
ZnSe sample, analyzer, and focussed onto a magnetically shielded photo-
multiplier detectbr. The general procedure of Verdet constant determina-
tion consisted of precise measurement of the angle of rotation of laser
light incident on a known length of sample material subjected to a known

[2]

magnetic field strength.

VI-2



Figure VI-1. Photograph of the Optical Isolator

ISOLATOR SETUP

ARGON LASER

- ——- | USER
B SYSTEM

5145 A . -~ -

Figure VI-2. Isolator Setup
1) Nicol polarizer; 2) Glan-Thompson polarizer aligned 42°21' to 1;
3) External drilled pole pieces of permanent magnet; 4) ZnSe sample
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The characteristics of the isolator were measured by inserting a
beamsplitter and mirror in the setup shown in Fig. VI-2. The beam-
splitter was inserted prior to the first polarizer and the mirror in back
of the second polarizer. Measurements could then be made of the back-
ward transmittance of the isolator from the beamsplitter. The forward
and backward transmittances of the isolator are called insertion loss
and isolation, respectively, and are normally expressed in decibels,
The measurements were made using a RCA 1P28 photomultiplier. The

probe beam was the 1.5 watt 51454 laser output from an argon ion laser,

C. Experimental results
Verdet constant values for ZnSe at several wavelengths are pre-

sented in Table VI-1l. A graph of V versus K-Z is given in Fig. VI-3.

\ B
Table VI-1

A(R) V(min-cm-l-gauss- )
6328 0.410
6072 0.470
5868 0.519
5676 ¢ 0.611
5145 0. 838
5017 0. 955
4965 1.038
4880 . 1.184
4765 1. 498

Here the solid line indicates values for the usual fit V= A + B)\-z where,
in this case, A = -.4510 min-cm~ -gauss-1 and B = 0. 3403 umz-min-
cm;l-gauss-l. The dotted line indicates the deviation of the data from
this fit as the absorption band is approached. In this region a term of

the form C}\~4 plays an important role in the determination of the Verdet
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VERDET CONSTANT vs
INVERSE WAVELENGTH SQUARED
FOR ZnSe
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Figure VI-3. Verdet constant versus inverse wavelength
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squared for ZnSe.
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constant. A graph of absorbance (A) versus wavelength for ZnSe is pre-
sented in Fig. VI-4. This data was taken using a Cary 17 spectrometer
and as such has not been corrected for the reflection component caused

by the difference of refractive index between air and the material at each
wavelength. The absorption coefficient ( :) may be calculated according to
the equation = A/L log, 5€ in which L = 0,746 cm and A represents the

true absorbance (reflection taken into consideration).

The insertion loss measured -2. 06 db for any probe beam diameter
up to 0.5 c¢cm, the maximum diameter beam that can be directed through
holes in the extlernal pole pieces, The isolation was -25.5 db for probe
beam diameters up to 0.5 cm., A figure of merit for isolators is the

ratio of forward to backward transmittance which was 23.4 db in this case.

The isolator w#s found to provide approximately 62 percent trans-
m.ission or 0. 94 watt output for the maximum available input of 1. 5 watts
despite the high absorption coefficient of ZnSe in the visible region, due
to the high Verdet constant of the material which allows short sample
thicknesses to be used. Exposure of the isolator to 1.5 W incident radia-
tion at 51454 for a period of 30 minutes revealed no visible or measurable

damage to either the bulk or thin AR coatings.

D. - Conclusions and recommendations
A Faraday rotation isolator has been developed to isolate the 5145 A&
argon ion laser line. Using ZnSe as the rotation material, it is possible,
due to the high Verdet constant, to use a thin sample of material and
relatively low magnetic field strength to obtain nearly 45° rotation. The
result is that even though ZnSe has a high absorption coefficient at visible
wavelengths, a low insertion loss and a system both compact and portable

can be achieved. The developed isolator weighed approximately 50 lbs.
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Figure VI-4. Absorbance versus wavelength for a 0. 746 cm
thick sample of ZnSe.
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rTo further decrease the insertion loss an& increase the isolation

one must:

1) increase B (thus allowing d andv so absorption to be &ecreased), or

2) increase B and/or d (to achieve nearer 45° rotation); or

3) use ZnSe material with a lower absorption coefficient in the visible
wairelength regions.
The isolator external pole pieces consist of two pieces each of one half inch
square cross section with a 5 mm diameter hole drilled in its center.
These pieces may be positioned at various separations differing from the
fixed pole separa’tion‘of 2.5 cm., Table VI-2 contains data on rotation
through 0.216 cm of ZnSe as a function of external pole spacing., As can

be seen from Table VI-2, saturation occurs with this configuration at small

Table VI-2

Rotation (deg) Spacing (cm)

9.5 2.6
17.5 1.3
20.0 1.0
21.0 0.7
20.5 0.4

separations. To avoid saturation, allowing an increase in the effective

field strength, a new external pole design should be implemented. A
suggested design, which should allow smaller separations (and thus increased
field strength before saturation occurs) consists of two pieces each of one.
inch square cross section with a 5 mm diameter hole drilled in its center.
Each piéce should be machined at a 300 angle to the pole face leaving a

15 mm diameter fegion concentric to the hole untouched. An increase in

the effective magnetic field strength should result which will allow better
isolator performance and the possibility of providing isolation for other

laser lines which may be useful as pump sources.
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APPENDIX II

Continuous-wave operation of Nd:YVO, at 1.06 and 1.34 .

A. W. Tucker, M. Birnbaum, and C. L. Fincher

Electronics Research Laboratory, The Aerospace Corporation, El Segundo, California 90245 -

L. G. DeShazer

Center for Laser Studies, University of Southern California, Los Angeles, California 90007

(Received 7 August 1975)

Continuous-wave plane-polarized outputs of 1 W at 1.06 p and 0.35 W at 1.34 p were obtained by end -
pumping small samples of Nd : YVO, with an argon-ion laser. Slope efficiencies and material losses were
determined. At 1.06 and 1.34 p, Nd:YVO, lasers can substantially outperform Nd:YAG lasers. Self-Q-
switched operation of Nd:YVO, at both wavelengths was obtained by resonator misalignment.

PACS numbers: 42.60.G

Lasers of high efficiency and low thresholds are re-
quired in diverse applications such as communications,
ranging, and metrology. The Nd: YAG laser has repre-
sented the state-of-the-art in most applications requi-
ring low-threshold and efficient lasers. O’Connor! had
observed almost ten years ago that Nd : YVO, possessed
a larger stimulated-emission cross section at 1.06 pu
than Nd : YAG and obtained low-threshold laser operation
at 90°K. Recently, detailed spectroscopic measurements
quantified O’Connor’s observations by showing that the
stimulated-emission cross section of A-axis Nd : YVO,
at 1.0634 u was 4.6 times greater than that of Nd : YAG
at 1.0642 p.2

The superiority of Nd : YVO, lasers at 1.06 and 1. 34
u over Nd : YAG is demonstrated here by a comparison
of the laser characteristics of small spectroscopic sam-
ples-of Nd : YVO, with a high-optical-quality Nd : YAG
laser rod. The comparisons were effected by end pump-
ing with cw and pulsed argon-ion lasers at 514.5 nm,
with emphasis on cw performance. Development of
Nd : YVO, lasers is hindered by the lack of large (3x30
mm) laser-grade crystals. However, difficulties in
vanadate crystal growth have been identified and large
laser-grade crystals may soon be available.

The equations describing the laser performance can
be derived from consideration of the laser-threshold
condition

RIR] exp2L(n,0 - 8)=1 (1)

where R] and R; are the corrected mirror reflectivities
(see explanation which follows), L is the length of the
laser sample, n, is the density of Nd* ions in the upper
state of the laser transition, ¢ is the peak stimulated-
emission cross section, A is the total losses per cm
{exclusive of transmission losses by the mirrors) which
include, for example, diffraction losses, excited-state
absorption, and scattering losses. The rod ends were
plane parallel and carefully aligned with the plane
dielectric-coated end mirrors. In laser operation, the-
Fabry-Perot condition for maximum reflectivity

R'= (72 + RY2%[1 + (#R)'/2]? should be a good approxi-
mation with 7 the Fresnel reflectivity of the crystal and
R the mirror retlectivity. *

In cw operation the upper-level population is related
to the pump power according to :

Journal of Applied Physics, Vol. 47, No. 1, January 1976

. |
ny=elel @
hy,V

where n, is the population per cm? of the upper laser
level, 7 is the quantum efficiency, namely, the fraction-
al number of Nd*" in the F,,, level per absorbed pho-
ton, f is the fractional population in the upper laser
sublevel of the *F,,, state, P, is the pump power absorb-
ed by the laser crystal, T is the fluorescence lifetime

of the *F,, level, h v, is the energy per pump photon,
and V is the volume pumped. Substitution of Eq. (2) into
Eq. (1) yields

WpPyT 2L0=2LA - InR|R). 8y
hv,V

The advantages of our method, namely, the accessibility
of the quantities in Eq. (3) to direct measurement have
been described earlier.® A critical evaluation of the mea-
surement techniques will be treated in a subsequent
publication.

One of the more difficult quantities to measure in a
four-level laser system such as Nd : YVO, is the loss
factor A. This can be determined by measurement of
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FIG. 1. Experimental arrangement.
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TABLE I. Partial list of the parameters of Nd:YVO, (1%) and.
Nd :YAG (1%) crystals used in the paper. Entries above the
broken line are taken from Ref. 2. The other values were
obtained in this study.

Nd : YVO, Nd :YAG
(A axis)
A (pm) 1.0634 1,0643
7 (us) 92 240
Av (emY) 7 6
o (cm=?) 30x10-1% 6.5x10°19
L (cm) 0.48 1,275
V {cm3) 1,27 x10°% 3.86x10°°
A {cm-1) 0.16 0,018

the laser threshold as a function of the reflectivity of the
output mirrors.®

The experimental arrangement utilized for these mea-
surements is shown in Fig. 1. By chopping the cw argon-
ion laser beam, pump pulses of several millisecond du-
ration were provided. Since this is long compared to the
cavity and crystal response times, the results are direct-
ly applicable to cw performance of the lasers. Chopping
reduces the heat load in the crystal and also prevents
damage to the dielectric coatings on the mirrors. The
Nd : YAG rod was antireflection coated at 1. 06 i, while
the Nd : YVO, sample was uncoated. The resonator con-
sisted of two plane-parallel mirrors; one a high (99%)
reflector and the other a partial reflector of 99, 95.6,
84, 72.6, 67.6, and 53% reflectivity. A plot of the
absorbed power vs — InR{R; was accurately linear.

The intercepts of the ordinate axis at P,=0 provided the
loss coefficients, A=0.16 cm™ for Nd:YVO, (1% con-
centration) and 0.018 cm™ for Nd: YAG (1% concentra-
tion). The large losses for Nd : YVO, were atiributed to
_scattering by the iridium platelets in the crystal which
were introduced during the growth process. SA partial
list of the parameters of Nd : YVO, (1%) and Nd : YAG
(1%) crystals used in this paper is given in Table I.
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Comparison of the laser performance of Nd: YVO,
and Nd : YAG with optimum output mirrors of reflectivity
of 67. 6 and 84%, respectively, is shown in Fig. 2. The
dashed line in Fig. 2 is obtained by assuming a loss co-
efficient for the Nd : YVO, sample (heavy solid line) equal
to that of the Nd : YAG rod and is illustrative of the su-
perior performance of Nd : YVO, to be expected with
low-loss material. The slope efficiency of Nd:YVO, at
1.06 p (Fig. 2) for optimum coupling was 20%. Some
advantages of investigation of laser properties by laser
end pumping are evident by the well-controlled perfor-
mance and the exact linearity of the graphs of Figs. 2
and 3. When the laser is operated close to threshold,
the output power of the laser is given by®
P=P[(W/W,,) - 1], where P is output power, P, is a
constant which depends upon the material parameters,
W is the pump power absorbed, and W, is the pump
power absorbed at threshold. A difficulty was encoun-
tered in that optical feedback produced by reflection of
pump light back into the argon-ion laser made optimum
adjustment of the apparatus critical. A Faraday rotator
is currently under construction which will isolate the
argon-ion laser from the test laser and should circum-
vent this difficulty in future experiments.

There has been considerable interest in the develop-

‘ment of eye-safe lasers, and this consideration prompted

our investigation of the performance of Nd: YVO, at 1. 34
k. Continuous-wave operation of Nd : YVO, at 1. 34 p was
readily achieved. A comparison of the cw operation of -
Nd : YVO, (1 and 2% samples) and Nd : YAG (1%) is shown
in Fig. 3. The samples used in Fig. 3 were the same as
in Fig. 1, except for the 2% Nd : YVO, sample.

The experimental arrangement was similar to that of
Fig. 1, except that a 10 W argon-ion laser was used to
provide pump power at 0.514 u. The resonator consist-
ed of a pair of plane-parallel mirrors both of 99% re-
flectivity at 1.34 p which were specially designed for
low reflectivity (less than 10%) at 1.06 u, thereby sup-
pressing oscillation at this wavelength. The superiority
of the Nd : YVO, samples is evident despite their greater
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losses. The slope efficiency of the 2% Nd: YVO at 1 34
i was 7%,

Work is in progress to determine the loss coefficient -
at 1.34 p and to measure the stimulated-emission cross
sections of Nd:YVO, and Nd : YAG at 1.34 p. A prelimi-
nary estimate of the stimulated-emission cross section
of Nd: YVO, (1%) at 1.34 p (assuming a A of 0.16 cm™)
and using the data of Fig. 3, shows that it is consider-
ably larger than that of Nd:YAG. :

In adjustment of the mirrors of the Nd : YVO, lasers,
in the quasi-cw mode of operation at 1,06 u, pulsed

outputs, in several instances, were observed. The YVO,

sample was misaligned with respect to the resonator
axis by about 25 arc min and self-giant pulsing at 1.06
U was readily obtained. Pulsewidths of 40 ns were ob-
served with peak powers over 1000 times greater than
the cw output of the laser. Self-giant pulsing was ob-

J. Appl. Phys., Vol. 47, No. 1, January 1976

served at 1.34 u, but only preliminary observations.
were obtained. Self-Q-switched operation of Nd: YAG

_could not be achieved under the same conditions, but

had been observed earlier by cooling the Nd:YAG. " The
ease of self-@-switching the Nd:YVO, evidently stems
from the higher stimulated-emission cross sections.

1J.R. O’Connor, Appl. Phys. Lett, 9, 407 (1986).

M. Bass, L.G. DeShazer, and .U. Ranon, Report No. ECOM-
74-0104-1, 1974 (unpublished).

JA.M. Chase (private communication).

‘D. Findlay and R.A, Clay, Phys, Lett, 20, 277 (1966)

5M. Birnbaum and J.A. Gelbwachs, J Appl Phys. 43, 2335
1972},

§G. Birnbaum, Optical Masers (Academlc New York, 1964)
p. 90,

™. Birnbaum and C.L. Fincher, Proc. IEEE 57, 804 (1969).

V--12

Tucker et al.




Vi. APPENDIX 1III

BIBLIOGRAPHY OF YVO4 AND Nd:YVO4

A. Crystal Structure and Characteristics

1.

7.

E. Broch, "The crystal structure of yttrlum vanadate,' Z. Physik,
Chem. 20 B, 345-350 (1933). :

R.W.G. ‘Wyckoff, Crystal Structures (Interscience, New York, 1963).

G.F. Koster, J.0O. Dimmock, R.G. Wheeler, and H, Statz, Properties
of the Thirty-Two Point Groups (M.I. T. Press, Cambridge, Mass.,

1963).

E.M. Levin, '"The system'YZO3 - VZO5," J. Am. Ceramic Soc.
50, 381-388 (1967).

H.G. Kahle, H.C. Schopper, W. Urban and W. Wuchner, "Tem-
perature effects on zircon structure lattice parameters and zero-
field resonance for substituted Gd3+ '"" Phys, Stat. Solidi 38, 815-
819 (1970).

D.S. Bondreaux and T.S. LaFrance, ''Energy transfer from the
excited VO43" ion in dielectric crystals,' J. Phys. Chem. Solids 35,
897-899 (1974). -

M. Gupta, and D, E. Ellis, '"Cluster model for lattice distortion effects
on electronic structure: VO and VOZ’ " Phys. Rev. B, .13, 3405-3418
(1976).

B. Physmal Optical and Laser Propertles

1.

2.

J. R o' Connor ) "Unusual crystal fleld energy levels and efficient
laser properties of YVO,:Nd," Appl. Phys. Lett. 9, 407-409 (1966).

J.R. O'Connor, "Optical and laser properties of Nda3*. and Eu3f-
doped YVO,," Trans. Met. Soc. AIME 239, 362-365 (1967)

Kh,S. Bagdasarov, A.A. Kaminskii, V.S. Krylov, and V I Popov,
'""Room temperature induced emission of tetragonal yttrium ortho--

vanadate crystals containing tripositive neodymium lons, " Phys.
Stat. Solidi 27, K1 (1968).

Kh, S. Bagdasarov, G.A. Bogomolova, A.A., Kaminskii and V.1,
Popov, '"Absorption, luminescence and stimulated emission of
YVO,-Nd3+ crystals, ! ;Soviet:Phys. Dokl. 13, 516-518 (1968).

H.E. Rast, H.H. Caspers, S/A Miller, "Infrared spectral emittance
and optical properties’ ytt,;ri»um vanadate, ' Phys. Rev.: 169, 705 -
709 (1968). SYRNES

T.S. Davis and R.K, Datta, '"High-temperature absorption of YVO,
and YVOy:Eu," Trans., Met. Soc. AIME 242, 714-716 (1968).

VI-13



7. A.A. Kaminskii, G.A. Bogomolova and L. Li, "Absorption,
lumlnescence, induced radiation, and crystal splitting of the levels
of ions of Nd3% in the crystal YVOy," Inorganic Materials 5, 573-
586 (1969). [English translation of Izv. Akad. Nauk SSSR, Neorg.
Mater. 5 (4) 673-690 1969, ]

8. J.D. Kingsley, G.W. Ludwig, "Optical constants of YVO4 between
2 and 25 eV, J. Appl. Phys, 41, 370-375 (1970).

9. Kh, S. Bagdasarov, S.E, Salibekov, V.,S. Krylov, V.I. Popov,
and N, I, Timoleeva, '""Thermophysical propteries of neodymium-
doped yttrium orthovanadate crystals,' Inorganic Materials 6, 1356-
1357 (1970).

Spectroscopic Studies '

1. N, Karayianis, C.A. Morrison and D, E, Wortman, "Analysis of
the ground term energy levels for triply ionized neodymium in
yttrium orthovanadate," J. Chem. Phys. 62, 4125-4129 (1975).

2. P.P. Yaney and L.G. DeShazer, "Spectroscoplc studies and analysis
of the 41g,5, 4111 /2, 4F3 ;2. and 2P, /, states of NA:YVO,, " to be
published.

Laser Performance Testing

1. L.G. DeShazer, M. Bass, U, Ranon, J.K, Guha, E.D. Reed and
J. W, Strozyk, ''Laser performance of Nd 3+ and Ho3t in YVOy,, and
Nd3t in Gadolinium Gallium Garnet (GGG)," IEEE J. Quantum
Electron. QE-10, 7-8 (1974).

2. M. Bass, "Electrooptic Q switching of the Nd:YVO, laser without
an intracavity polarizer,' IEEE J. Quantum Electron., QE-11,
938-939 (1975).

3. A.W, Tucker, M. Birnbaum, C, L, Fincher and L.,G. DeShazer,
""Continuous-wave operation of Nd:YVO, at 1,06 and 1.34 p, "
J. Appl. Phys. 47, 232-234 (1976).

Other Related Propertiés

1. U. Ranon, '"'Paramagnetic resonance of Nd3+, Dy3+, Er3t and
Yb3* in YVO,," Phys. Lett. A28, 228-229 (1968).

2. J. Rosenthal and R.F, Riley, "Electron péramagnetic resonance of
Gd3* in zircon structures. IL YVO,, YPO,, YAsO,' Phys. Rev.
177, 625-628 (1969). :

3. A. Chaves and S.P.S. Porto, "Raman scattering of YVO4, " Solid
State Communications 10, 1075-1077 (1972).

VIi-14

—



E.D. Reed, Jr., and H. W. Moos, "Multiphqnon relaxation of
excited states of rare-earth ions in YVOy, YAsOy, and YPO,, "
Phys. Rev. B 8, 980-987 (1973).

K.M. Leung and L,G. DeShazer, "Surface defects on crystals of
TiO, and YVO, studied by laser-induced damage effects, " in Liaser
Induced Damage in Optical Materials: 1974, edited by A.J. Glass
and A,H. Guenther, NBS Special Publication 414, 193-199 (1974).

Technical Reports

1.

J.R. O'Connor, "Unusual Crystal- Field Energy Levels .and Efficient
Laser Properties of YVO,:Nd," Final Technical Report JA-2857,
U.S. Air Force E.S.D, No. AF 19(628)-5167 (Nov. 1966).

R.J. Pressley, P.V. Goedertier, and H. Weakleim, ”MBT 70
Laser Materials Research and Exploratory Development,' RCA
Lab., Princeton, N.J., Final Technical Report (Oct. 1969).

H.G. McKnight and L..R Rothrock, '"Research and Development
Work for the Growth of Single Crystal Yttrium Orthovanadate, "
Final Technical Report ECOM 0022F, U.S. Army ECOM Contract
No. DAAB(O7-72-C-0022 (April 1973),

M. Bass, L,G. DeShazer and U, Ranon, '""Evaluation of Nd:YVO4

and Ho:Er:Tm:YVO, as Pulse Pumped Q-Switched Lasers," U.S.
Army Electronics Command, Fort Monmouth, N,J., Semi-Annual
Report ECOM-74-0104-1 (July 1974).

M. Bass, L.G. DeShazer, and P,P, Yaney, ''Evaluation of Nd:YVO4
and Ho:Er:Tm:YVO, as Pulse Pumped Q-Switched Lasers,' U.S.
Army Electronics Command, Fort Monmouth, N.J., Final Report
ECOM-74-0104-F (Jan. 1976).

VI-15





