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SUMMARY

The results of a 12 month program to develop multiply sensitized
Ho:YLF as a Q-switched laser material are presented. This material,
called "aBYLF", is the only material in which efficient laser operation
at 2 microns has beer reported at room temperature. Lasing threshold
of 6.5 jouies with a 2.5% slope efficiency is reported.

Crystals were grown by the Top-Seeded Solution Technique, a modi-
fication of the Czochralski process. Extensive analysis of the effects
of feed purity and growth technique on the crystalline quality and
damage susceptibility of this material are presented.

Extensive spectroscopic measurements are reported with direct
observation of sensitization quantum yields of three; the implications
for optimization of the material for specific applications are
discussed.

Repetitively pulsed operation at up to 20 Hz (-15°C) is reported
with operation up to 15 Hz at room temperature and 0.7 watts output
at 10 Hz from a 3 x 22 mm rod. Q-switched operation of different
material compositions is reported (calcite with LiNb03).

A calcuiation of the thermal loading at fracture of a uniformly
heated rod cooled at the surface is presented.
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PREFACE

This is a Final Technical Report describing the work performed
under Contract No. DAAB07-73-C-0066, ARPA Order 1868, Amendment I,
over the period 15 December 1972 through 14 December 1973 entitled
"Development of Ho:YLF as a Laser Material." The work was performed
for the Electronics Components Laboratory, U. S. Army Electronics
Ccommand, Ft. Monmouth, New Jersey under the guidance of Mr. V. Rosati,
contracting officer's designated representative.

The work was performed by the Electro-Optics Division of Sanders
Associates, Nashua, N. H. Subcontracting services were provided by
the Center of Material Sciences and Engineering, Crystal Physics
Laboratory, Dept. of Electrical Engineering, Massachusetts Institute
of Technology.

The principal investigators of the program were E. P. Chicklis,
R. C. Folweiler, and Dr. C. S. Naiman. Mr. J. C. Doherty assisted
with the laser measurements and Ms. S. Lichtensteiger the spectro-
scopic measurements. The subcontracting efforts were under the
direction of Dr. A. Linz. Dr. H. P. Jenssen conducted and analyzed
some of the spectroscopic measurements. Crystals were grown by
Dr. D. R. Gabbe with the assistance of R. Mills.
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SECTION 1

INTRODUCTION

The results of a twelve month program to investigate the material

properties and two micron laser performance of multiply sensitized

Ho:LiYF4(aBYLF) are presented. The program goals were:

(a) 1investigation of repetitively pulsed operation at and near
room temperature

(b) investigation of Q-switched performance and of the material
susceptibility to damage under Q-switched irradiation

(c) investigation of the effects of compositional variations on
laser performance and energy transfer efficiency

(d) investigation of the effects of growth parameters on laser
damage susceptibility and crystalline quality

(e) measurement of the response times of HgCdTe and InAs photo-

diodes
The key results of this program are summarized below.

e ODramatic improvements in the optical quality, uniformity, and
yield of YLF boules nave been obtained as the result of the use of
argon as the furnace atmosphere. The effects of oxides in the melt are

described with dramatic experimental evidence showing the rejection

oL
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of oxides from the growing crystal. In preliminary results microscopic
scattering inclusions (visible only under He-Ne irradiation) have been

eliminated with the use of specially purified feed, resulting in aptical

PN O e Y

quality comparable to Nd:YAG.

® Q-switched outputs of up to 100 mJ in a single pulse have been
obtained without laser damage to the material. Analyses of a boule in
which laser damage was previously observed(]) were inconclusive. How-

ever, a boule was grown from feed from the same manufacturers lot, tut

s e R i o s e SRR L il

was zone-refined as an additional processing step. Laser rods fabri-

2o

cated from this boule did not damage at Q-switched outputs far in excess

of levels previously observed.

PR LT D

o Sensitization quantum yields of three were measured directly in

aBYLF. This accounts for the high efficiency in this material and is

s S - il

the result of the low (compared to oxide hosts) probability for multi-
phonon relaxation in this fluoride host. The decay modes of each level
of alYLF up to 483/2(Er) have been measured. Eneray conserving reso-
nant transfer is the dominant relaxation mode of excited ions in YLF.
The effects of variations in the sensitizer and activator concentrations
on sensitization and laser efficiency are described. The model of

(

energy transfer described in a previous report 1) has been experimen-

tally verified.

® The calculated thermal loading at fracture of a uniformly heated
YLF rod cooled at the surface is 11 watts/cm. Because of the efficient
sensitization in this material, the energy decrement between the pump
bands and the upper laser level is not taken up by lattice phonons (heat)
and it is estimated that the total laser output at fracture is equal to

the thermal load.

-2-




® Q-switched outputs of up to 100 mJ ir a single spike are re-
ported from a 3 x 42 mm rod. Q-switched performance was found to
critically depend on the operation of LiNb03. Laser damage was not

goserved in the laser material or calcite polarizer but surface damage

was found in the LiNb03.

¢ In repetitively pulsed operation a maximum of 0.7 watts was
observed at 10 Hz from a 3 x 22 mm rod. In another experiment 20 Hz
operation at -15°C was obtained (long pulse) for a brief period.

Material limitations were not encountered in these experiments.

® A threshold of 6.5 joules with a 2.59 slope efficiency (95%R)
was observed in a rod of composition 50% Er, 6.7% Tm, 0.34% Ho in long
pulse operation at room temperature. Four other compositions were
investigated and one composition was found to have a significantly

Tower threshold than previously observed.

® The risetimes of a Philco InAs and two HgCdTe diodes were mea-

sured. Two micron Q-switched pulsewidths of . 20 ns FWHM were detected.

aBYLF provides a viable two micron laser source for many appli-
cations. This is the only available source which can provide high peak
power in the wavelength region which is retinal safe, covert to photo
cathode surfaces, and operate with efficiencies consistent with light-
weight packaging. A complete systems analysis of 1.06 and 2.06 micron
designator/rangefinders has shown(z) that the performance of the two
systems is nearly equal. For the rangefinder case sufficiently high

laser material efficiency has already been demonstrated(]) for con-

-3-
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struction of a hand held device. The designator case may require

further improvements in laser efficiency through optimization of the

material composition and strong emphasis on lightweight packagirg and

cooling technology.
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SECTION 2
CRYSTAL GROWTH

Crystals of aBYLF (LiY]-x-y-zErmeyHozFa) were grown by the Top-

Seeded Solution technique, a modification of the Czochralski technique,

T I T Ry 1 NN T Fr e R VYT SPTORS.

in a highly purified inert atmosphere. A complete description of the i
growth technique is provided in references 1 and 3. During this program

crystal growth efforts were directed at

(a) growth of a sufficient number of high quality rods for laser
testing

(b) determination of the effects of feed purity on the laser
damage susceptibpility

(c) determination of the effects of growth conditions on crys-

talline quality.

A major advance in the optical quality and yield of YLF boules
has resulted from the use of argon as the furnace cover gas (instead
of He). Five boules have been grown in this and other programs using
Ar with complete absence of bubble type inclusions observed using a
He atmosphere. Furthermore, the uniform quality of boules has vastly
improved the rod yield/boule. Recent experiments using recrys-
tallized feed have resulted in crystals with optical quality com-
parable to Nd:YAG, viz, complete absence of observable scattering under

He-Ne illumination. Program results are discussed below.

e
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2.1 LASER BOULES

A summary of the laser boules grown for this program is presented
below. Boules 185f through 206f were grown in a highly purified helium
atmosphere. Boule 224f was grown using argon. Photos of some represen-

tative boules are shown in Figuresl1, 2, and 3.

#1851 Li¥y 6266E70.2"P0.170.07"%0.0034%4
This crystal exhibited numerous inclusions due in part *to
feed purity and possibly to seed rod failure. Feed was
non-zone-refined Lindsay, except for Yb and Tm which were
zone refined Research Chemicals. Only two rods were of

suitable quality.

#193F LYy 623E70.2Y20.1"0.067"%0. 005"

4

A clear center section rod was obtained.

The rest of the crystal was filled with inclusions.
Feed was non zone-refined Lindsay material. This

crystal was grown in a small furnace in a molybdenum

crucible.

#194f LiYy 628E7g 2Y00 1TM0.0571%0. 0057

4°
This run was aborted due to failure of the seed rod
cooling system. A by-product of this failure was

inboard water leakage into the furnace which conta-

minated the melt.

Hoy 00344

#199F Li¥g 4296E7T0. 5T, 067
Zone-refined Lindsay feed was used. Oxyfluoride in

the melt l1imited the length of the crystal.

(5
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Figure 1

193F LiY N.628 Fr N.2N0 Yb 0. Tt

B 0.067 HoOfmF-

aBYLF Boules 224f, 193f
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D-113

Figure 2 aBYLF Boule 206fF
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Figure 3 aRYLF Boule 199f
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#201fa LiYg 4296570.5™0.067"°0.0034" 4

ZJone-refined Lindsay feed was used. Adverse thermal
gradient conditions led to formation of numerous

inclusions. The crystal and residue in the crucible

were reused for run 201fb.

., #2011b LiYy 4p95Erg 5TMg 067190 . 00347

4
A second crystal was pulled from melt #201f . The
gradient conditions were modified. Eight rod blanks of

approximate dimensions 3 x 30 mm were obtained.

#204f LiEr‘F4

Research Chemicals zone-refined feed was used. This

boule was used for feed in boule 206°f.

#206f LiYq 49gE70 5™y 067"%0.005 4

Zone-refined Research Chemicals feed was used. One

26 mm and two 43 mm rods of excellent quality were

obtained.

#224f Li¥g 447587057 . 05""%0. 0025 4
7one refined Lindsay Rare Earth feed was used and
growth was in an argon atmosphere. The uniformly
excellent quality of the boule allowed utilization
of the entire boule. Cutting is not yet complete,

but at least 15 3 x 30 mm rods can be obtained.




2.2 FEED PREPARATION

The eariiest boules of aBYLF were grown from rare-earth fluorides
obtained from the American Potash and Chemical Co. The materials were

of questionabie quality with respect to non-rare-earth impurities. In

T

E particular, metallic iron was found in some samples and many of them
| turned gray upon hydrofluorination, suggesting carbon contamination
and, indeed, heavy surface contamination was observed on the melt sur-
faces. Research Chemicals, Inc. was investigated as a supplier and i
3 their material was found to be generally better with regard to those
impurities causing melt surface contamination.

The original aR crystals grown with American Potash feed were

Q-switched without laser damage.(4) Rods from one boule grown with ;

Research Chemical feed exhibited very low damage thresholds in active
Q-switched testing. Furthermore, in passive tests of spectroscopic é
samples of different growth runs large differences in damage suscep- §
tibility were observed between samples grown with Research Chemicals
and American Potash feed - independent of the sample compositions.(])
In order to insure the availability of damage resistant laser rods for
this program during the first part of this pregram, feed was purchased

from Lindsay Rare-Earth Division* of Kerr-McGee Chemical Corporation,

et B A A

formerly American Potash. Simultaneously an investigation of the

i

mechanism(s) of damage formation in crystals qrown with Research Chwo-

micals feed was carried out.
The assumption that the ‘'damage problem" was impurity related was
adopted in view of the results discussed above. However, chemical

analysis (by mass spectroscopy) did not reveal the presence of any

* Kerr-McGee discontinued the Lindsay operation in 1973, and has sold
the remaining rare-earth stock.

-11-
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impurity potentially responsible for the damage. The results of
scanning electron microscope analysis, discussed in Appendix II, are
incompleta and have yet to produce definitive results. Because of the
demonstrated effectiveness of zone-refining in feed purification.(])
a batch of zone-refined Research Chemicals feed was utilized for growth
of an aBYLF boule (206f). Rcds cut from this boule were Q-switched
repeatedly at up to 100 mJ in a single 20-50 ns pulse without any evi-
dence of damage tc the laser rods. This result indicates that the
previously observed low damage resistance was impurity related and that

zone-refining is a very important technique in the overall feed puri-

fication - crystal growth process.

2.3 CRYSTALLINE PURITY

2.3.1 ABSORPTION SPECTRA

IR transmission spectra of a number of samples were recorded to
determine whether impurities with absorption peaks in this region are
present in detectable concentrations. The results of mass spectro-
graphic analysis indicated very low concentrations of oxygen and DY3+.
Moreover, purification with respect to oxygen and rare earth ions was
observed(]) as a result of zone-refining, a process now routinely used
to prepare feed material.

The IR absorption spectra of a number of samples of different aBYLF
boules were examined and showed no trace of any IR absorption beyond
2 um. Figures 4 and 5 show representative spectra of YLF samples
investigated.

A further indication of the purity of YLF grown by this technique is

provided by the results of laser operation of YLF laser materials. High

-12-

R W T T ML e e v

Eamtanas o i




IR B aen B L oo

TETH G NI, > L AR

P G e g

TV Py W SRR (R e

R

e

e i o R at TR i Sl b b P TR

4b1l2 sLnog 3O wnuldads uoiLssiwsued] ¥YI

p @unbyr4
(,-W2)  YIGWNNIAVM
Oo9l 008! 000¢ oove 008e 00ce 009¢€
T T ] T | T T I T T |

u (0]
—0¢
—0€
yibuag yipd w9 iles

€OV #91dWDS  471A 143 %G g
-
Jvie LIW =
—109
104
-108
dom
2 | 1 1 1
oG Oov Gt O€t

(wrd ) HI9ONITIAVM

(%) NOISSINSNYY L

SRE




009l

4612 @Llnog 40 wnua3d3ds uorssiusues] YI g 24nbt4
(j-w?) JoqWNUBADM
008l 0002 00ve 0082 00¢¢e 009¢ 000¢v
- =% 0 T & h 7 0
£61-0d
e —Ol
- —0¢
— —0¢
— —Ob
— —0¢S
Hivd W2 /29 _loo
4GI12#
13 %se:vaaln —ozL
i 08
- 06
| _ A | 00|
G v G% ¢ G'<c

(suoadiw ) yjbue|aADm

£, e L AN T AN T A i

(%) UOISSIWSUDS |

-14-




current density, unfiltered Xe flashlamps with clear fused quartz

oy, (3) |

envelopes are used in pumping oaBYLF and Er In experiments

with Tb3* YLF, a room temperature laser with emission at 0.55 um, dye

P VY. U WP TP T, T g

raser flashlamps are used for pumping (typically 50 joules in ! us) to
provide the intense ultraviolet emission needed to pump the materia].(s) :

In all the experiments conducted, no evidence of degradation of the

s R

e o

optical quality of YLF rods has been observed indicating the complete

absence of impurities which are affected by ultraviolet emission.

2.4 CRYSTAL CHEMISTRY

POMEY, T PR oy RS - e

Phase diagrams for the systems LiF-REF3(6) and LiF-YF3(7) have

T

been published and our experience indicates that these diagrams are
essentially correct. Our data for the LiF-TbF3 and LiF-GdF3 systems
indicates that the peritectics occur at somewhat higher LiF concentra- :
tions than reported by the Oak Ridge investigators. Figure 6 shows the j
L1'F-YF3 phase diagram. In the system LiF-YF3 there is only one compound,
LiYF4, which melts incongruently at 819°C. The peritectic composition

occurs at 49 mole % YF3. The eutectic composition and temperature are

19 mole % YF3 and 695°C, respectivily. The systems LiF-REF3 vary, as '

the size of the rare earth ion decreases, from a simple system with one

eutectic, through a system with one incongruent compound, LiREF3, and
finally to a system with one congruently melting compound and two
eutectics. A1l of the LiREF4 compounds have the Scheelite structure.

As might be expected, lattice constants vary little over the range of

existing compounds. ¥he phase diagram shows no solid solution formation
between L1'YF4 and LiF and this concurs with our experimental evidence.
In those systems where LiREF4 forms, it can be grown from a melt

whose composition lies within the field bounded by the peritectic and
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Figure 6 Phase Diagram of LiF-YF3
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eutectic or by the two eutectics. Our observations on systems LiF-YF3
made during crystal growth experiments show that substitution of as
much as 50% of the Y by rare earths heavier than Sm alters the system
very little, i.e., the melting point and incongruent behavior of
Li(Y,RE)F4 remain about the same. Since the LiREF4 phase field occurs
on the LiF-rich side of the incongruently melting compounds and predo-
minates on the LiF-rich side of the congruently melting ones, all
crystals are grown from LiF-rich melts.

Little is known about the behavior of oxides* in fluoride melts
and their effect on phase stability in the solid-solid and liquid-
solid systems. Henderson(a) has prepared rare earth trifluorides
containing 10-50ppm by weight of oxygen. This represents an order of
magnitude reduction of oxygen compared to what was probably present in
previous preparations. These purer fluorides show the same ortho-
rhombic-hexagonal phase transitions as the less pure substances, indi-
cating that at the trace level oxygen does not affect this property.

At higher oxide concentrations, possibly as low as 0.2 mol %,
oxyfluorides can form. During a crystal growth experiment the oxy-
fluoride phase can cocrystallize with the LiYF4 phase. This means
that the system LiF-YF3-Y203 is at such a composition that two solid
phases are 1in equilibrium with the liquid phase. At lower oxide concen-
trations there probably exists a two-phase region where LiYF4 is in
equilibrium with a 1iquid containing oxide. Several things might
happen during crystallization from such a melt. At high temperatures
a solid solution LiYF4-oxyf1uoride could form from which an oxide phase

could precipitate upon cooling. Or local concentrations at the

* The state of oxygen in the fluorides may exist 0 or a separate
oxide phase, or OH™, for example. In the ensuing discussion the

generic terms oxide and oxygen are used without implying anything
about the state of oxygen in the system.
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crystal-melt interface of oxide rejected from the growing crystal could

drive the system inte iha three-phase region - LiYF4 - oxyfluoride -

melt, resulting in precipitation of an oxyfluoride phase followed by

its incorporation into the crystal. This behavior is closely related

to constitutional supercooling. Under such conditions, it is possible

to pull a crystal consisting of alternate bands of clear and opaque

material.

0f special interest to this discussion is the behavior observed

during growth of boule 199f, grown from zone-refined LiREF4 compounds

prepared from Lindsay rare-earth trifluoride feed. The small crystal

that was grown,shown in Figure 3, has a very sharp boundary batween a

clear, almost scatter-free, top section (first part grown) and an

opaque section. The scattering in the clear top section was less than

| is commonly observed in other YLF crystals grown in this and in other

laboratories. The effect was observed during the growth run and could

be reproduced by partly melting back and re-growing the crystal. This

sharp boundary is indicative of passing from a composition region where

one solid phase is in equilibrium with the melt to a composition region

where two solid phases are in equilibrium with the melt. The two-phase

region is encountered as the oxide content of the melt increases due to

rejection of this species from the growing crystal. An x-ray powder

pattern of the bottom, opaque part of the crystal has the extra line at

i d = 3.18. The powder pattern of the clear top is normal. The LiYF4

feed was suspect and an x-ray powder pattern of this material had an

extra line at d = 3.13, corresponding to an intense reflection of YOF.

This line also appears when LiYF4 is heated in air above 600°C.
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Additional evidence was obtained from an experiment in which LiYF4
with a known amount of Y203 added was crystallized in a normal freezing
configuration. The starting materials were LiYF4 single crystal chips
grown from zone-refined YF3, Harshaw LiF and Research Chemicals
99,99% Y203. In the first experiment the 10 grams of L1'YF4 was mixed

with 0.5 mol % Y203 and crystallized at ~ 0.6 cm/hour. The central portion

of the normally frozen specimen consisted of clear sub-cm size grains ;
of LiYF4 (confirmed by x-ray powder pattern analysis), while the end #
third was translucent and had an anisotropic appearance characteristic E
of an oriented needle-like precipitate. The head of the charge was a j

mixture of YF, and LiYF,. We believe this precipitate to be an oxy- ]

fluoride. A reflection for the spacing d = 3.1A was observed in the

powder pattern,
These results indicate that:
(1) oxide is rejected from LiYF4 as it crystallizes;
(2) the presence of oxide in the melt does not necessarily
mean that a clear, nearly scatter-free, crystal cannot be grown;
(3) the relation between trace amounts of optical scattering

and oxide conteni of the melt is not simple.

In connection with item 3, it should be pointed out that much work has
been done in alkali halides on 0O+~ precipitation in the presence of
other impurities. For example, it was found that formation of a
hydroxide precipitate requires that both OH and Mg++ or Ca*t be present
as impurities(g). Other studies have dealt with the infrared absorp-
tion in LiF of complexes between OH™ and M92+§]0) These studies
strongly suggest that in YLF the formation of light scattering preci-
pitates is not only a function of the oxide content of the crystals

but also depends upon other impurities as well.
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Possibly two types of precipitation phenomena should be distin-
guished; the first resulting from gross amounts of oxide leading to
formation of a rare-earth oxyfluoride or similar phase; the second
caused by the presence of other trace impurities which may interact with
trace oxygen. However, the nature of the trace scattering centers is
not at all clear at this time. The work aimed at analyzing the scatter-
ing centers is discussed in Appendix II. Work on the fluoride-oxide
systems at low oxide concentrations has been hampered by the great
difficulty in obtaining accurate oxygen analyses. Recent contacts have
indicated that it is possible to obtain accurate low level oxygen analy-

(11)

S€sS.

2.5 CRYSTALLINE QUALITY

The technique utilized to grow YLF crystals, described in
reference 1, has produced excellent optical quality material for laser
applications. In general crystals are optically clear and free of
refractive index gradients and low angle grain boundaries. A view
through a 7.5 cm boule of Er:YLF is shown in Figure 7 . However,
defects have been observed in YLF and their characteristics are dis-

cussed below.

2.5.1 BUBBLES

In prior growth runs, using helium as the furnace atmosphere, iso-
lated bubbles and bands of localized bubbles have been observed. The
former type are frequently of elongated shape (order of tenths of

millimeters in diameter) oriented parallel to the c-axis.
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The latter type are much smaller and frequently have formed in suffi-
ciently high density to limit the useable length of the boule. Optical
and scanning electron microscope (SEM) analyses (see Appendix II) have

confirmed that these types of inclusions are bubbles.

Until recently the major problem in YLF growth runs for laser rods
has been the variable rod yield per boule due to these large bubbles and
bands of bubbles across the whole growth plane. This problem has
apparently been eliminated with the use of argon as the furnace atmos-
phere (instead of helium). Boules grown with an argon atmosphere have
exhibited excellent uniformity with nearly complete elimination of large
bubbles and complete elimination of the bands of bubbles. This has been

consistently observed through a total of five large boules, each

greater than 50 mm in length.

2.5.2 MICROSCOPIC SCATTERING INCLUSIONS

What appears to be a fine precipitate has also been observed in
some crystals under He-Ne illumination. Sometimes this type of inclu-

i sion displays optical anisotropy, in other instances the precipitate

appears as a light haze. The distribution of these types of defects
is not uniform; their formation may be associated with a combination
of impurities and thermal instabilities in the melt. The characteri-
zation of this type of defect as a "precipitate" may be misleading as
this type of scattering center mav consist partly of very fine bubbles.

It is emphasized that this type of inclusion is not visible to
the unaided eye, requiring either He-Ne illumination with appropriate

index matching or magnification.
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Recently use of recrystallized feed material in a growth run in
an argon atmosphere has resulted in a YLF boule with virtually none of
the scattering inclusions discussed above. The optical quality of the
boule was comparable to that of Nd:YAG when the scattered radiation of
a HeNe probe beam was viewed. This very significant result does point

to a relationship between inclusion formation and feed purity but addi-

tional studies are required.

2.5.3 REFRACTIVE INDEX DEFECTS

YLF crystals grown by this technique are characterized by very
Tow fringe counts, hence path distortions, when analyzed with inter-
ferometric measurements. Some poor quality material has exhibited
apparent refractive index gradients but this has only been observed
in one aBYLF boule and the source of the problem is unknown. Further-
more, viewed under a polarizing microscope, YLF boules have exhibited
none to very low angle grain boundaries. This i5 the result of careful

seeding and growth from a rigorously clean melt.
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SECTION 3
THERMAL AND MECHANICAL PROPERTIES

Most of the relevant thermal and mechanical properties of YLF
have been measured on this and other(])'(3) programs and are shown in
Table 3-1. During the course of this program the strength of samples
of aRYLF were measured with the result:

7 2

STRENGTH = 3.3 £ 0.32 x 10° N/m".

In addition an analysis of the thermal loading at fracture of a YLF
rod uniformly heated and cooled at the surface was carried out. The
results are that at thermal fracture the heat input to a YLF rod is

11 watts/cm.
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MECHANICAL

Density (gm/cm3)
Hardness (Mohs)
Elastic Modulus (N/mz)
Strength (N/mz)

THERMAL (300°K)
Thermal Conductivity
W/cm-°K

Thermal Expansion

-1

Coefficient - °C

OPTICAL

Index of Refraction
A= 0.6 um

UV Ahsorption

CRYSTALLINE STRUCTURE

TABLE 3-1

MATERTAL AND OPTICAL PROPERTIES

YLF (LiYF4)

and
YAG (Y3A]50]2)
YLF YA
5.07 (aBYLF) 4.47
4-5 8.5
7.5 x 1010 33.3 x 100
3.3 x 1
0.06 0.13
a axis : 13 «x 10° 6.9 x 10'6
c axis : 8 «x 10'6
no = 1.443 1.8347
ne = 1.464
<0.2 um ~0.38 um
Tetragonal Cubic

(Scheelite) (Garnet)
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3.1 STRENGTH MEASUREMENT

The strength of aBYLF has been re-measured using a group of samples

that were prepared in a manner to minimize the effect of surface damage.
The samples were cut from boule 140f and finished by lapping with dia-
mond abrasive. A final chemical poiish of Syton* was used to leave a
damage free surface on the side that was to be placed in tension during

the test. An attempt was made to chamfer the tension edges, but diffi-

culties were encountered in the procedure.

surface microcracks and scratches are known to reduce the observed
strength of all materials tested in tension, but their effect is greatest
on material that have little plastic flow before fracture. A scanning
electron microscope was used to examine the tension surface of samples
2 and 3 after completion of the strength measurements. Very little
cracking was observed anywhere, although the fracture surfaces did
appear to originate from flaws at the edges that probably existed prior
to testing. The tension surface of sample 3 was of such high quality
that it was very difficult to focus the microscope on it at 63,000X
without the aid of a small scratch or dust particle. Sample 2 showed
some surface pits, irdicating that it was not as well polished.
The strength was measured in an Instron testing machine using a
carefully aligned four-point test fixture. Sample dimensions were
approximately 0.06 inches thick by 0.19 inches in breadth. The modulus

of rupture was calculated using the formula

N LIC)

2bt

*T-M Monsanto Co.
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‘ where Op = modulus of rupture
P = load at fracture
¢ = distance between outer load points
a = distance between inner load points
b = specimen width

and t = specimen thickness.

The observed strength of the samples is shown in Table 3-2, A1l samples

broke between the inner load points.

The data represents reasonably low scatter for strength measurement.

TABLE 3-2
STRENGTH OF oBYLF

Composition Li ¥y 34 Erg 50 TMy 067 M09 034 F4
Boule 140f

STRENGTH

SPECIMEN 4 =pSHIE.
: 4630
) 4250
3 5500
. 4550
Average 4760

Strength of oBYLF

4760 * 460 psi

7 Newtons/meter2

3.28 + 0.32x 10




3.2 ESTIMATED POWER LOADING AT FRACTURE

The thermal loading at fracture of a uniformly heat<d laser rod
cooled at the surface can be calculated using measured material
parameters. This calculation is extremely important as it defines the
level of average power obtainable in a given host material. The calcu-
lation is predicated on the assumption of a uniformly heated, isotropic
material. In the case of aBYLF in a flashpumped cavity the assumption
of uniform heating is approximately correct for 3 mm diameter rods as
the effective ahsorption coefficient of aBYLF is - 1 1Y YLF,
however, is not isotropic. This is not expected to result in a severe
discrepancy between predicted and aciuai thermal performance. The
major uncertainty is involved in estimating the fraction of the heat

load which can be extracted as laser output. This is discussed below.

The ultimate limitatior un the amount of power which can be ex-
tracted from a solid state laser material is determined by the heat
load for which the rod will fracture. Following Henningsen's ana1ysi£122
we can obtain an estimate of the thermal load of a cylindrical rod at

fracture under the following assumptions:

(a) The rod is heated uniformly and cooled at the surface.

(b) The rod is isotropic.

From (a) and (b) the temperature distribution is obtained:(12)

T(r) = a (r2- ¢ | (3-1)

* Determined by a measurement of the peak 2 um fluorescence of an

oBYLF sample as a function of thickness of other aBYLF samples
placed in the pump beam.
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T (r) = temperature at distance r from the axis

o = rod radius
k = thermal conductivity
Q = heat/volume dissipated in the rod

This temperature gradient is accompanied by a stress distribution

given by:(lz)

o {r) = 17 ga-ﬁ)m"k' Q(r? - ro’)

2aE

gpir) = T6(T - 0)k Q (3r2 - roz) (3-2)
and
oz(r) = TET%Eé—HTF Q(4r2 - 2r02)
where:
cr(r) = radial stress at distance r
ce(r) = tangential stress at distance r
oz(r) = axial stress (stress parallel to rod axis) at distance r
E = Young's modulus
u = Poisson's ratio :
a = thermal expansion coefficient

From these relations, it is seen that the radial component of the stress

-29-
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vanishes at the rod surface, but the tangential and axial components
do not. Thus the rod surface is under tension; at a certain heat load
the tension at the surface will exceed the tensile strength of the

material causing the rod to crack.(]z)

At the rod surface (r = ro) the net stress is given by:

|0"| = 4n{%]E§ )

Rod fracture will occur at the Q for which 'E;|equa1s the tensile
strength of the material (defined as o). Noting that P = QA, where P
is the input power dissipated as heat and A is the rod cross-section,

we obtain the condition for rod fracture at r = roz

- V2 aE P
o k(1 - u) &

That is, rod fracture due to the thermal gradient produced by
surface cooling depends only on Young's modulus, the power/unit length,
thermal conductivity, Poisson's ratio thermal expansion coefficient,

and the tensile straength, but is independent of rod cross-section and

the surface temperature.

Rearranging, we can compute the power loading/length at which the

material will fracture:

P _ 4nk(1 - u)o (2-5)
& vZ aE

Using the measured values of k, E, u, 2 (along the a axis and o

as shown in Table 3-3, we obtain:

P/a = 11 watts/cm for YLF

-30-

T T T L R Oy S PR v UL & L T e ——

P i

S 8 P Vo R L

——ae

T L Y T T L R O e T T A T

e e et et
TN g =

P—
i S

Oy R R

TN L LR LN

R e Ty e




TABLE 3-3
PHYSICAL PROPERTIES OF YLF and YAG

B N S | OO e N P L P T TR T, LT W P AT Sy

YLF YAG*
Thermal Conductivity, k a axis: 0.06 0.13
W/em - °C (20°C)
Thermal Expansion Coefficient, o |a axis: 13 x 107 |6.9 x 1078
og”! c axis: 8 «x 10°6
Young's Modulus, E 7.5 x 1010 3.3 x 10
N/m2
Poisson's Ratio, u 0.33 0.3
. 7x* 8
Tensile Strength, © 3.3 x 10 1.7 x 10
N/m?
© Airtron Data Sheet
** Assumed equal to the Modulus of Rupture
YLF* YAG
Thermal Loading at Fracture 11 60

P/2 (watts/cm)

* Assumed isotropic with a axis a

-31-
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compared to:

P/2 = 60 watts/cm for YAG

Then for a 60 mm YLF rod the thermal loading at fracture is

66 watts - independent of cross section. For an adequate safety margin

we choose to operate at 0.2 the maximum loading and ot ain:

P = 13 watts of heat in 60 mm VYLF rod at 0.2 the fracture

thermal loading.

We must now estimate the amount of heat per watt of laser output
generated in the material. In a "properly designed system" 1.5 watts
of heat/watt of laser output in Nd:YAG is reported in reference (12).
In the case of oBYLF the internal heat generation per watt output

power is not known. Attempts at measurement of tiie heat rise in a rod

pumped at modest average power have been unsuccessfu1(13).

A crude estimate may be obtained by noting that in Nd:YAG the

energy decrement between the pump bands and the upper laser level is

taken up by the emission of phonons to the 1atticé14). In oBYLF, on

the other hand, resonant transfer(1) and emission are the dominant

relaxation modes for levels with energy gaps > 2000 cm'1 above adjacent

levels.
upper laser level (2um) by processes which nearly conserve energy.

For example, for each Er3* jon initially excited to 453/2 (187130 cm'1)

three Ho ions are excited to 517 (4850). The net result is 14550 cm'1

1

of energy available in laser output and 3550 cm ' as heat. As a result

for each 517 excitation (4850 cm'1) we have 1180 cm'1 of heat deposited

in the crystal. This result has been confirmed with radiometric mea-

-32-
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surements of the input power and the 2 um fluorescence power output

when selected levels are pumped; this is discussed in Section 4.

Because the relaxation modes from all the excited levels have not

yet been determined we adopt the conservative assumption that the heat

Toad from levels above 4

4

53/2 results in twice the thermal load of the
53/2 relaxation. That is for each 517 exritation we assume an addi-

1 ]. Furthermore,

tional 1180 cm ' of heat, for a sub total of 2360 cm”
we assume that only one-half of the stored energy in the upper laser
level is extracted as laser power, the rest jost to spontaneous
emission. As a result the energy associated with each laser photon

is accompanied by an equal amount of heat deposited in the crystal.

As a result we predict:

13 watts of laser output is obtainable in a

; 60 mm rod at 0.2 x the fracture loading

3 or

11 watts of laser power per cm of rod length

3 at thermal fracture.

This estimate does not include the effects of local stress con-
centration due to surface microcracks. Such surface imperfections can

j reduce considerably the thermal load at fracture. The magnitude of

this effect is difficult to calculate but can be minimized by careful

fabrication.

A e S NS P

To check the correspondence of this analysis with reality we note

e

that in Section 5 experiments are described in which . 0.7 watts out-

put from a 2.2 cm long YLF rod was obtained using a 95% R output mirror.

PV T e e
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Under these conditions the total circulating power, Pt’ inside, Pin

and outside, Pout' of the resonator is

= = ]
Pt Pout * Pin Pout v+ ] -R

or Pt = 15 watts.

This corresponds to 6.8 watts/cm without fracture compared to the cal-

culated fracture load of 11 watts/cm.




SECTION 4
SPECTROSCOPY

Spectroscopic measurements were directed at determining the usefu.

pump bands of aBYLF in fiashpumped operation and at verifying the model

of energy transfer proposed in reference 1 . In Xe flashpumped
operation the most important pump bands lie between 0.2 - 0.55 um;
radiometric measurements of the quantum yield from these higher 1lying
states positively show that the energy transfer mechanisms are nearly

energy conserving. Quantum yields up to three have been directly

measured.

4.1 aBYLF PUMP BANDS

Figure 8 shows the fluorescence excitation spectrum of a repre-
sentative sample of aBYLF (composition: 50% Er, 6.7% Tm, 1.7% Ho).
Care must be exercised in interpreting these data as the sample used
in the measurement was too thick (most of the peaks are optically

dense) to allow for accurate amplitude information. Most of the pump

bands are due to Er3+ absorption with a few strong bands due to Tm3+.

By contrast direct Ho3+ absorption is very weak due vo the relatively

+ . : . ;
Tow Ho3 concentrations necessitated by laser considerations.

Excitation spectra of aBYLF samples revealed transfer to the

517 (Ho) manifold from all the absorpiion bands (see Figure 8).

However, in pulsed operation the speed of transfer as well as the effi-
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ciency determine the useful pump bands; continuous excitation spectra

provide no information about transfer rates. For example, in excita-

4

tion spectra, the I”/2 (Er3+) manifold at A ~ 1 um appears as a

strong peak. However, the lifetime of this manifold in "aB" composi-

tions is typically ~ 1 ms which is far too slow for useful sensitiza-

3+ 41

tion of the Ho 11/2

5

laser line despite the fact that the (Er) -

I, (Ho) branching ratio is . 0.5.

4.1.1 EXPERIMENTAL

A simple estimate of the useful aBYLF pump bands was made. An
EG&G FX-33 Xe flashlamp was pulsed at 500V, 25 uf, L=0 (pulsewidth
. 20 ys) and the peak fluorescence measured using difierent filters
in the pump beam. A quartz lens was used to focus the light into the
sample; the fluorescence was detected with a cooled InAs photodiode

with a bandpass filter centered at 2.06 um.

A series of Ccrning filters were utilized with nearly identical
characteristics except for the cut-on wavelength. A1l] fhe filters are
opaque above the cut-on region and exhibit >80% transmission to beyond
2 um,

The spectral output of the lamp can be estimated from Figure 9
from reference (16) which shows the absolute irradiance vs A of Xe
discharges as a function of fill pressure and current density. Note
that the irradiance is in units of quanta/sec. The current density

utilized for these measurements was -~ 3000 amps/cm2 in a 450 torr lamp.
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4.1.2 RESULTS

Table 4-1 1ists results normalized to the fluorescence ampli -
tude through the 9-54 filter. The cut-on wavelenath was arbitra-
rily defined as the point at which the filter transmits 50%. The
fluorescence amplitude was measured at the peak some 100 us after
the triaaer to the lamp, and indicates the useful fluorescence.

Pump bands which feed slowly (too slowly for pulsed laser opera-
| tion) are eliminated in this manner.

In Table 4-2, the excitation efficiency defined as the per-
cent fluorescence observed by pumpina in a band with the indicated
bounds to pumping from 0.280 - 2 um is tabulated. Note that ~677%
of the pumpine under these conditions occurs in the 0.28 - 0.57
band (actually somewhat higher as states above 0.28 um, not in-
¢luded due to experimental difficulties, also contribute). Thus,
it appears that operating at the highest current density in Xe
flashlamps to shift the emissicn toward the blue would result in
the highest pumping efficiency. However, for fixed eneragy input,
higher current densities are obtained by either decreasina the
pulsewidth and/or the bore size. For bore sizes much below 2.Emm
the electrical/optical conversion efficiency tends to dearade (13;

for pulsewidths less than 100 us dearadation in the eneray transfer

is reported to occur (18 - although the source of the apparent de-

creased transfer efficiency is not yet known.

The results clearly indicate that the important pump bands
are the blue-uv states in flashpumped operation. However, the
near IR pumpbands (» > 0.65 um) do account for 307 of the excita-

tion enerqyv. and a change ot 30% of the input enerqy above threshold
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TABLE 4-1
PULSED EXCITATION DATA

CORNING CUT-ON AT 50% MEASURED EXCITATION
CS # TRANSMITTANCE PEAK * EFFICIENCY
9-54 0.280 um 4.8 mV 100.0% +
0-54 0.315 4.2 mV 87.5%
0-52 0.360 4.0 mvV
3-74 0.425 3.5 myv 73.0%
3-72 0.455 2.9 my 60.4%
3-71 0.480 2.75 mV
3-09 0.520 2.25 mV 46 .8%
3-66 0.570 1.6 mV 33.3%
2-62 0.605 1.6 mV
2-58 0.650 1.5 mV 31.2%

+ Normalized to unity, pump bands above 0.280 have been
excluded.

* Estimated error 10%.

VABLE 4-2
PUMP BAND EFFICIENCIES

EXCITATION
PUMP BAND EFFICIENCY
0.280 - 2 um 150%*
0.280 - 0.570 67%
0.570 - 2u (v aold reflectivity) 33%
0.400 - 2u (~ silver reflectivity) 80%

2

Normalized to unity in this band.




can very significantly change the output. For example, in a number
of experiments using different pump cavities, the output above threshold :
was observed to decrease by approximately a factcr of two when water i
was introduced into the pump cavity. Water absorbs for X > 1 um; and
the pumping efficiency is decreased by only 10-207%. Nevertheless this
relatively small change in the pumping rate transforms to a signiti-

cant change in the output energy above threshold (see Figure 19, for

example).

4.2 DETERMINATION OF PUMP BAND QUANTUM Y .ELDS

Radiometric measurements have confirmed tie nearly energy con-
serving enere. nsfer mechanism in aBYLF proposed in (1). That is,

an Er3+ ion initially excited to 453/2 relaxes in three steps sinmul-

B P P U S T T e Tl | ORI e O W O3

taneously exciting three Tm thence Ho ions. By pulsing 419/2 (Er)

directly with a short flash pulse and observing the rise of the

+ A .
3 concentration, it was found that

3+

fluorescence as a function of Tm

. 4 4 3, L3 ) . .
direct Ev-Tm | I,/Z- 113/2. Hg H4) dominates even in low (1%) Tm
concentration. The experimental results, conclusions and implications

on laser operation are discussed below.

4.2.1 INTRODUCTION
The multiply sensitized Ho:YLF laser relies on efficient enerqgy

transfer. Useful absorption in the laser crystal is provided mainly
3+

by Er3+ and in part by Tm The active laser ion, Ho3+, is very

dilute and does not absorb much of the pump radiation . In order to

optimize the relative concentrations of the different ions it is nec-
essary to know in detail what energy transfer steps are involved and

their concentration dependence. Basically, we have a three-level
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system with an upper and a lower laser level and a pump band. Laser
threshold is reached when a certain population in the upper laser level
is obtained. The upper laser level i> fed by the pump band. 1If, by a

pulse of excitation, we obtain N0 excitations in the pump band, Nu’ the

upper laser level population, will be as a function of time:
N, = nN, [exp(-t/7,) - exp (-t/rp)] (4-1)

where n is the efficiency of thke pump band in feeding the upper laser
level, rp and T, are the lifetimes of pump and upper laser level,
respectively. For efficient operation we want n to be as large as
possible and Ty <,

In the present system the pump band consists of several energy
levels of different types of ions. For each level we have a different
n and o Also, since the feeding from most of the levels is not direct
but via other levels, the simple model expressed by Eq 4-1 is not exact. It
is usually found that one step in the relaxation process is much slower
than the others, and using the characteristic time for this process in
Eq. 4-1 gives a good approximation.

A pump band level can relax by one of three processes: emission of
radiation, multi-phonon relaxation to the next Jower level, or by trans-
fer. Of these, energy transfer is the most desirable because it is

nearly energy conserving. An example of this 1s diagrammed below. One

of two identical neighboring ions

ITon 1 Ion 2

4
i
i
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is excited to level 2. After transfer both ions are excited to level 1.
In this process the energy is conserved and the quantum yield is 2.
Experimentally what is observed is that when Jevel 2 is pumped, only
fluorescence from level 1 is observed. However, this could be the case
also without transfer. If there are intermediate levels betwveen levels
1 and 2, multi-phonon relaxation could completely quench fluorescence
from lTevel 2 and again only fluorescence from level 1 is observed, pro-
viding a quantum yield of one in the latter case. To distinguish between
these two processes the quantum yield has to be measured. Assume that
we can purp level 1 at a rate W] sec'] and observe a fluorescent inten-
Sity I] from level 1 with a detection system. Next we pump level 2 at
a rate w2 and observe a fluorescent intensity 12 from level 1. The

quantum yield is then:
I, /W
2’ "2
n = (4-2)
/A

The method described above does not tell us anything about the
transfer rate, which we want to be much faster than the decay rate from
the upper laser level. For this we need to observe the time dependence
of the fluorescence after a pulse of excitation. If level 2 does have
some fluorescence, the time dependence can also be used to measure the
transfer efficiency. Assume level 2 of ion 1 has a lifetime t in the
absence of ion 2 and t' with ion 2 present. The difference is then due

to transfer and the transfer efficiency is:
-1 -1
]

T -T

- el (4-3)

Note that this is not the same as the quantum yield. If the indicated

transfer process is the only possible one, however, we can infer a
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quantum yield of 2¢ for the transfer process. So far we have discussed
only energy transfer that conserves energy (resonant transfer). Most
energy transfer processes are more or less non-resonant . The

only true resonant process is energy migration, where the transfer is
between the same levels of.equal jons. Transfer rate depends both on
concentration and degree of resonance (or non-resonance). Depending

on the relative concentrations of sensitizer and activator ions, the
transfer rate can be limited by diffusion time (low activator concen-
tration) or by sensitizer-activator transfer time (high activator con-
centration). If the last case is the Timiting factor, no improvement
can be made. If the diffusion time is the limiting factor, either the
sensitizer concentration or the activator concentration, or both, can
be increased in order to increase the transfer rate. In alphabet-YLF
the Ho concentration is limited to a fairly low value, since it is a
three-level laser. The Er and Tm concentrations can be varied, however,

and should be optimized for best laser performance.

4.2.2 EXPERIMENTAL TECHNIQUES AND RESULTS

3+

Figure 10 shows the energy levels of Er Tm3+

3+

and Ho in YLF up

to 20,000 cm™'. The problem is to find out how the different levels

relax and how efficient they are in feeding the upper laser level, Ho 517,

The crystals used in this study are listed in Table 4-3. Energy levels

5

of successively higher energy starting with the Ho °1, itself were studied.

7
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TABLE 4-3

COMPOSITION OF ALPHABET YLF CRYSTALS
USED IN THIS STUDY

(The numbers give the fraction of Y-sites occupied by the ions.)

Boule # Er Tm Yb Ho
140f 0.5 0. 007 - 0.0034
159f 0.5 0.01 - 0.003
169f 0.5 0.02 - 0.003
171f 0.5 0.035 - 0.003
193f 0.2 0. 067 0.1 0. 005

Time dependence of fluorescence was obtained by using a repeti-
tively pulsed xenon flashlamp for excitation. The pump light was
passed through a monochromator and appropriate filters for selective
pumping. The 2 um fluorescence was detected with a liquid nitrogen
cooled InAs detector with a 2 um bandpass filter. The signal was ampli-
fied and averaged on a computer of average transients.

Quantum efficiency measurements were obtained by use of a continuous
pump source (1000 W xenon or 650 W. tungsten) through a scanning mono-
chromator, simultaneously monitoring the fluorescence from the crystal,
the intensity of the incident pump light, and the pump light trans-
mitted through the crystal.

The rest of this section summarizes the results for the different
energy levels investigated.

Ho 517: The room temperature lifetime of this level is 15.5 + 0.5 ms
in YLF doped with only Ho. Because of the large energy gap to the
ground state (518), the lifetime is due only to spontaneous emission.
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In all the alphabet crystals investigated, the lifetime was shorter

than 15.5 ms, ranging from about 9 to 14 ms. The quenching is caused

1L

and in part by the presence of quenching impurities. Because the spon-

in part by the presence of Tm through reversible transfer, 3H

taneous rate from this level is so slow even very weak quenching can be
observed. However, the effect of quenching on laser operation is negli-

gible provided fast transfer rates are maintained.

3 3

Tin “H The Tm H4 - Ho 517 transfer is a resonant transfer process

4"
evidenced by overlap of Tm fluorescence and Ho absorption (see Figure 11

The reverse process is also resonant at room temperature when the upper

levels of Tm 3H6 and Ho 517 are thermally populated (Figure 12). As

descrioed in an earlier report,(]) this leads to a thermal distribution

3

in the combined Tm H4 and Ho 517 levels when the transfer rate is fast

compared to the normal relaxation rates of the two lTevels. Neglecting
impurity quenching the observed lifetime for both levels will then be
the same and somewhere between the two individual lifetimes. The highest

5

efficiency in feeding 17 from 3H4 is obtained for Tm3+ concentrations

of 1-2%. At higher Tm3+ concentrations (at room temperatur2) strong

3+

.. . + . .
Tm emission is observed when the Ho3 concentration is low. For

example, with 6.7% Tm and 0.34% Ho the Tm3+ emission is about equal in

strength to the Ho3+.

However, the buildup time of the 517 fluorescence
decreases as the Tm and/or Ho concentrations increase. From Figure 13
it is scen that with 3.5% Tm the buildup time is . 700 us, with 6.7%
Tm it is - 100 us.
4 . . q 3+,3 q
Er 113/2. This level is strongly quenched by Tm ( H4) via phonon
assisted transfer. Figure 14 shows the levels involved; the difference

in energy is about 300 cm']. As the Er3+ concentration is generally
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very high, the 41]3/2 + 3H4 transfer time is insensitive to Tm3+ con-

3+

centration as Er-Er migration is very rapid. For Tm concentration

above 1% the transfer yield from 41]3/2 is near unity.

3

2
Tm ‘H5: No fluorescence was detected from the Tm H5 level in any

of the crystals. The multci-phonon relaxation rate from this level to

3H4 should be of the order of 104 sec'].QS) There are no resonant or

near resonant transfer processes that could quench this level. Thus all

excitations in Tm 3H5 relax to 3H4 with unity quantum efficiency.

Ho 516: Because of the low Ho concentration in the crystals inves-
tigated, 1f was impossible to selectively excite the 5I6 level and at
the same time observe any fluorescence from this level. Again because

of the low Ho concentration it is of little importance what happens to

these levels since their contributions in pumping of the laser are insig-

nificant. Mearly resonant transfer from the Ho 5I6 to Tm 3H5 could

quench the Ho 516 level.

Er 41”/2: This very important level while not contributing to

sensitization, provides the key to understanding the transfer sequence.

There are no resonant or near-resonant transfer processes in this system

that can quench the Er 41”/2 level. In YLF doped with only Er, the

. lifetime is 3.6 ms. 41”/2 relaxes radiatively to the ground

/2
state 4115/2 and to 4113/2 and by multi-phonon relaxation to 4113/2;
the quantum yield of the combined relaxation to 41]3/2 is 0.5. In
aRYLF crystals 41”/2 is not strongly gquenched (1ifetime .~ 1 ms).
Despite the long lifetime of this intermediate level, the 2 um fluor-
3+

escense rise when the higher Er levels are pumped is ~ 100 us -

(see Fig. 15) - positively ruling out internal relaxation within each

Er3+ ion to 4113/2 with subsequent transfer to the Tm3+

Jg2.
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H5 and the Ho

. ; 5 -
I”/2 in feeding I7 1s . 0.8 but

the rate is too slow for effective laser sensitization. Addition of

Quenching of 41”/2 is due to the Tm 6 levels.

The measured guantum efficiency of :

Yb does increase the rate (crystal 193f in Figure 13 ); however, the
rate is still too slow and Yb quenches 453/2 competing with other

more efficient transfer schemes in flash pumped operation.

In Figure 13 the 2 um fluorescence rise is shown when selective

levels are pumped with a short flash pulse. Note that when 41”/2 is

pumped the 2 um rise is very long; in typical long pulse oscillations

the laser emission is completed before the maximum due to 41”/2 is

reached.

4

. . 4 : :
Er 19/2. The lifetime of Er 19/2 is short (10-100 us) even in

lightly doped crystals. This is because of multi-phonon relaxation to

4I]]/2 of almost unity quantum efficiency. In the alphabet crystals,

however, it is found that the multi-phonon relaxation efficiency

decreases with increasing Tm concentration. Figurel5 shows the %

4 4 .
Fg a0 lgyp and "Iyq 5 with

AT
fluorescence under selective pumping of

a fast pulse. In this crystal (1% Tm) the multi-phonon relaxation

efficiency is down to 0.3. At Tm concentrations greater than 3.5%, no

4

I fluorescence is observed when 419/2 is pumped. At the same time

11/2
the quantum efficiency of 419/2 in feeding Ho 517 approaches 2. The

4

transfer process here is the resonant p:ocess Er 419/2 ey

3H i 3H 4 3 51

3

13/2°
and Tm SH 5

followed by Er + Tm “H, > Ho i Ho 17.

Ly3/2 4 7
F3 and 3F4: Because of the small gaps between these levels

4

3

Tm F2,

everything relaxes very rapidly to 3F4. Because of the closeness of

Tm 3F4 and Er 419/2 it is difficult to separate these levels. But here

3 3 4 4 .
also the resonant process Tm F4 H4, Er 115/2 -1 | Eiv: 113/2 yields a

quantum efficiency of 2.
-54-




B B .

50%Er 1%2Tm  0.3%Ho

3
;
%
----- ‘C. . - |
In lden't' Ilght' ’("., \\ 3
------- =+ Transmitted light 7 e ;
/ ¢ -
——— %1,,,2 Fluorescence P |
/ ' ] \ £
/ it g ol i
7 \
28 i \ :j
7 T \ 3
% \
o 4 i
/. A Lnse i
T /// ‘ 7
>
2 o ﬂ
wn ’/-‘
C , ...
b b o
c /s
| / LN}
/
/
7 41
g 9/2 .
4 [ f
Fo/2 U‘h
v }~
D-122 :

Excitation wavelength —»

&

Fijure 16 Two Iiicron Fluorescence 4
Excitation Spectrum ;
(Quantum Measurement) Efficiency b

-55-




4. )
Er F9/2’

2 in feeding Ho

4.

As with 19/2, this level has a quantum efficiency of

5

I, fcr Tm concentrations greater than 2%. The gquench-

7
ing of 4F9/2 is through transfer to Tm 3F2 or by the resonant transfer
scheme
2 4 . 3 L 3
F9/2 - 113/2(Er). He H5(Tm).
4 . T 4
Er 5322. The quantum efficiency of 53/2 was found to be 3 for
Tm concentrations greater than 3.5%, and with the same dependence on
Tm concentration as was found .or Er 419/2. The most likely pro-
cesses here are(])
4 4 .3 L 3
(a) 53/2 -+ Ig/z(Er). H6 H4(Tm)
f 4 4 3 3
| (b} Tlgyp = "lyg plErd: “Hg » “Hy{Tm)
4 4 .3 L 3
. (c) 113/2 - I]S/Z(Er). He H4(Tm)

The net result being three jons eacited to 3H4 per initial 453/2

excitation; the last step is

3 3 - 5 5
(3) “Hy » “Hg(Tm): (3) “Ig > “I5(Ho)
Instead of step (a) the following may occur:
4 4 4 4

(a') "Sg/p > ThygyplEr): Tlyg,p > Tlyg,(Er)
with the same steps (b' and (c). Steps (a) and (d ) are experimentally
indistinquishable and yield the same net .ea2sult. Both processes prob-

ably occur.

Other Levels

Levels above 433/2 were not investigated but a number of reso-

nances could yield quantum yields up to four. For example:

2 N L 4
Pgso > “Hg p(Eris Tlyg o > "1yq,,(Er)
3 3

4 _ E
Ho o = "Sg/alEric “He H,(Tm)

2
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are possible resonant or near resonant transitions which would yield
quantum yields of 4. These processes were not investigated as their
concentration dependence is probably very weak at the high Er concen-

trations utilized in laser crystals.

4.2.3 DISCUSSION OF RESULTS

The decay modes of each level up to g in «¢YLF have been

>3/2
measured. Direct radiometric measurement of quantum yields of up to
three have been obtained in appropriately doped «RYLF confirming the
transfer mechanism proposed in reference 1 . The results of the
spectroscopic investigation, particularly with reference to variations

. + . . . .
in the Tm3 concentration, are in general agreement with laser testing

of rods of different composition.
The implications for laser design are as follows:

¢ Spectroscopic measurements must be interpreted with care. For
example, if the peak fluorescence amplitude of samples of different
Ho3+ concentrations were compared radiometrically, the composition
with the highest 2 um fluorescence amplitude would not result in the

most efficient laser operation.“g)

This is simply due to the fact
that in a three level system lasing action depends on population inver-
sion, whereas fluorescence amplitude depends only on upper level popu-
lation. For Ho concentrations between 0.1 - 2% the Ho fluorescence

increases with concentration - but the upper level population required

for threshold increases faster.(])

¢ The optimum composition for laser operation does not necessar-

ily correspond to the composition with the highest enerqgy transfer




efficiency. This again follows from the three level character of the ;
laser transition; the number density of ions, N7, which must be pumped

at threshold is linear in the active ion density. To optimize Tlaser

efficiency requires maintaining Tow active ion densities with high

transfer efficiency.

e Direct measurement of the Er-Tm transfer yield shows that the

e WL

efficiency in feeding Tn 3H4 is as high as possible with 50% Er,

Tm > 47%.

e The Er3+ concentration is determined by pump uniformity con-

. L AR . - +
siderations. The transfer efficiency is insensitive to the Er3 con-

centration at doping levels above ~ 20%.

B T T VI TG TP S TR TP« T T T

@ The optimum Tm3+ concentration is determined (aparti from the

minimum required for complete quenching of the Er3+) by the last step

of the transfer sequence - 3H4 > 517. To maintain rapid transfer at

+ . . . . . + .
Ho3 concentrations < 0.3% requires fairly high Tm3 concentrations

(in this way high migration rates in the Tm3* minimize the effect of

the range dependence of the transfer rate). However, as the Tm:Ho

population ratio increases, the transfer yield diminishes as evidenced

(1)

] . 3+ C
by increasing Tm emission.

e Maintaining very high transfer rates (much faster than the

5 decay rate) is essential for efficient laser operation. It has

L7
been shown(]) that for a pump band with a transfer rate of 2.5 x 103
sec'] feeding with unit quantum efficiency a metastable level with a
decay rate of 102 sec'] (values appropriate to the composition 507 Er,
2% Tm 0.3% Ho), the peak inversion is 20% smaller than in the case of an

fo

infinitely fast transfer rate. Measurements of the 517 decay rate
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near threshold, however, have revealed tirat the decay rate is consi-
derably faster near threshold due to amplified spontaneous emission.
The decrease in the peak inversion is then considerably larger in
laser operation (with a measured lifetime of 4 ms near threshold the
peak inversion is 45% smaller); furthermore if the radiative rate of
the pump band is taken into account losses due to slow transfer rates
are even more severe. To determine whether a composition will be an
efficient pulsed laser material a necessary (but not sufficient) con-

dition is a rapid buildup (< 100 us) of the 2 um fluorescence.

Optimum material composition is defined as that which can yield
performance suitable for hand held operation. For certain applications
where constraints on input energy are not as severe higher Ho3+ concen-
trations will yield higher Q-switched energy storage capability. For
example, 500 mJ has been switched(4) from a rod of dimensions
~ 3 x 30 mm of composition 50% Er, 6.7% Tm, 1.7% Ho but the input

energy required would be 20-30 joules in an optimized pump cavity.
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SECTION 5
LASER MEASUREMENTS

The intent of laser measurements during this program were

o determination of the effects of feed purification techniques

on the laser damage susceptibility of the material

e continued studies of the effects of compositional changes on

laser efficiency

o demonstration of repetitively pulsed operation in the 1-20

Hz range

e investigation of Q-switched behavior

e evaluation of detector bandwidths (HgCdTe, InAs)
The key results of the program were:

e Demonstration of Q-switched outputs of up to 100 mJ (3mm rod,
507 R) in a single spike without damazge to the laser material or the
calcite polarizer. However, surface damage was observed in the two

LiNbO, crystals used at - 100 mJ {3 mm aperture, 50% R). The source

3
of laser damage observed in a previous «EYLF bou]e“ ) at much lower power
densities was apparently eliminated by the use of zone refined feed.

e Comparative measurements of the laser efficiency of three

different material compositions show that the addition of Yb3+
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decreases laser efficiency in Xe flashpumped operation. This is be-

+
3 ) 2

lieved to be due to quenching of 4 by F9/2 (Yb3+). On a

53/2 (Er
company funded program thresholds 147% below that observed in boule

140f were observed in the composition
50% Er 5% Tm 0.25% Ho

e Repetitively pulsed operation at 20 Hz was obtained at -15°C.
At 20°C operation up to 15 Hz was obtained, and at 10 Hz 0.7 watts
output was obtained from a 3 x 22 mm rod. The temperature dependence of

the threshold was determined from 0 - 40°C.

o Evaluation of HgCdTe detectors using back biasing voltages
from 0 - - 0.7 volts revealed risetimes > 100 ns. Philco L4530 InAs

divi ces exhibited risetimes of < 20 ns.

5.1 COMPARISON NF NEW COMPOSITIONS

Two new compositions were grown and compared to the most

efficient composition previously eva]uated(]) (140f:409).

Boule # S/A Code Composition Rem~=rks
185f 447 20% Er, 107 Yb American Potash feed
6.7% Tm, 0.34% Ho not zone refined ex-

cept for Tm F3 - zone
refined Research Chemicals

193f 452 20% Er, 10% YD American Potash feed,
6.7% Tm, 0.5% Ho not zone refined
140fF 409 50% Er, 6.7% Tm, Research Chemicals feed,
0.34% Ho not zone refined
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It is emphasized that comparison of laser performance of different
compositions can be misleading as isolating the effects of composition
alone is extremely difficult. Factors which can strongly influence
laser performance include pump conditions (flashlamp current density,
pumping geometry, rod quality, size and finish and optical alignment).

In comparative tests it is not always possible at the present
time to employ rods of the same size and optical quality. However,
in all cases, the pump lamp is longer than the rod and none of the rod
is shadowed; thus the threshold should be nearly independent of length.
The effects of optical quality are difficult to account for in such a
comparison. It should be noted, however, that lasing threshold in
4RYLF is far less sensitive to the presence of scattering than for a
four level laser (Nd glass or YAG).

One of the most serious experimental difficulties encountered in
such a comparison is resonator alignment ambiguities. Using a He - Ne
alignment laser, it is not possible to positively jdentify the optimum
mirror positions. Instead, the resonator is "tweaked" by observing the
output energy for fixed input as small changes in the mirro. positions
are made. This is a very tedious procedure in an uncooled cavity, as
an adequate interval between shots must be maintained in order for the
rod to return to ambient temperature. The comparative data presented

are the "best" data that could be obtained for each rod.
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In 1able 5-1 and Figures 17 and 18, a comparison is shown between
these three compositions. In all cases, rods of the 409 composition
exhibited the lowest threshold and highest slope efficiency. The
409/447 comparison is somewhat ambiguous due to the misalignment be-

tween the faces of the 447 iod.

5.1.1 PERFORMANCE OF 409d.1

The most efficient room temperat're data obtained to date are
shown in Figure 19 . These data were obtained in a separate prograth)
and indicate the high efficiency which can be obtained in a more

favorable pumping geometry described below:

Lamp: ILC 3 x 20 mm 3000 Torr Xe

Bank: 75 uf, 38 uH, pulsewidth 140 pus FWHM

Cavity: Front surface silvered cylinder
length = 27 mm diameter 10 mm

Trigger

Mode: Parallel to cavity/simmered

Resonator: flat/flat - 95% R

Rod Size: 3 x 14 mm - clear polished barrel

Temperature: 71°F

Simmer mode operation was obtained using a quasi-simmer circuit
as degredation of the silver pump cavity reflector could not be avoided
when the lamp was continuously simmered. The improvement in laser
operation using a simmered lamp is in good agreement with the improved
electrical/radiant conversion efficiency of Xe flashlamps operated in

the simmered mode.(]8)
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Lamp:ILC 2.5x 25mm, 3000 Torr Xe
Bank: 50 uf, 46Guh

70r Resonator: 95°% R, flat/flat
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figure 18 Efficiency Comparison Rods 409d.1 and 452
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|40r af-YLF Rod 409d.l, 3xl4mm ®
Lamp: 3x20mm ILC
- 3000 Torr Xe
Output Mirror 959, R
120
100
B . Simmered
2 Slope Efficiency 2-5%
2 80 T
=
~— b
b= A
é’_ 60k Nonsimmered
5 Slope Efficiency 2%
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G 8 10 12 4
INPUT (Joules ) D-102

Figure 19 Effect of Simmer Mode on Two Micron Laser OQutput
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5.1.2 COMPARISON OF 409f.3 AND 474.5

Long pulse measurements were made in the pump cavity described
above using a non-simmered lamp. Both rods were 3 x 15 mm and of

excellent optical quality. The compositions of the rods were

409f.3 : 50% Er 6.7% Tm  0.34% Ho (14Cf)
474.5 : 50% Er 5% Tm 0.25% Ho (224f)

Measurements were made on a company funded“g) program as rods
from the boule (grown on this contract) were obtained after the end of
this program. Threshold for the new composition with reduced Ho and
Tm concentration was 14% lower than in the previously "optimum" com-
position, 140f. In this new composition the Ho3+ concentration was
reduced by -~ 25% and the Tm:Ho population ratio of 140f maintained.
The lower long pulse threshold in the newer composition was expected
the important parameter which must be determined is the extractable

energy in Q-switched operation.

5.2 REPETITIVELY PULSED OPERATION

Experiments were carried out in a number of water cooled pump
cavities in order to determine performance of the material in the 1-20
Hz range. The pump cavities were in no way optimal and the efficien-
cies reported herein could be very substantially improved. However,

the results indicate that «BYLF is capable of operation in the 1-20 Hz

region at modest output powers (1-10 watts) at or near room temperature.

Realization of performance suitable for device applications, particu-
larly for hand-held system, will require technological developments

parallel to those expended for light weight Nd:YAG systems.
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5.2.1 16 pps OPERATION: SPHERICAL PUMPING CAVITY

Rod 409c.2 (3 x 23 mm, rouah around 0.D.) was mounted in
an 8 inch spherical pumpina cavity with an aluminum reflective
surface {Liberty Mirror Coating No. 749 ). Approximately R mm of
the rod ends were shadowed by the metal "0" ring holders. The rod
and lamp were cooled in separate loops with the flow rate over the
rod only 0.5 &/min. Nther pump conditions were:

Flashlamp: ILC 3 x 50 mm, 2000 Torr Xe

Bank: 50 Wf, 200 wuh

Trigaer Mode: Parallel

Resonator: 1 meter radius max,flat 967% R attached

to rod

Threshold was approximately 20 joules in sinale shot; at
16 pps the input power was approximately 320 watts with ~0.3 watts
output. Operation at 16 pps was obtained for only ~30 sec due to

degradation of the attached dielectric mirrors.

An ana]ysis(]a of the heat flow in the present setup (0.8 ¢/min

HZU at 10°C with an assumed laser rod heat load of 20 watts, 1.0 mm
annulus over the rod) indicates that a factor of two reduction in rod
surface temperature can be obtained simply by increasing the fiow rate
to ~ 6 ¢/min.
5.2.2 10 Hz OPERATION

In long pulse operation 0.7 watts were obtained from 3 x 22 mm of

unshadowed 4EYLF rod at 10 Hz. The efficiency obtained was largely

determined by the pump conditions which were:




Pump Cavity:

Rod:

Holders:

Lamp:

Storage Bank:

Resonator:

Cogling:

8 inch diameter aluminized sphere

Liberty Mirror Coating No. 749

456 .5, 3 x 27 mm, MIT Boule No. 201f
509 Er, 6.7% Tm, 0.34% Ho

Stainless/0-ring seai - 5 mm of rod

shadowed
ILC 3 x 50 mm, 3000 Torr, Xe
25 p¢f, 130 uh, parallel triggered

Plane parallel, attached coatings -

max/95%

Separate loops over lamp and rod
Flow rate over rod - 3 2/min

(0.8 gal/ min) at 18°C

Threshold in this pumping cavity was below the minimum eneray

(voltage) required to flash the lamp undev these conditions:

The input versus outp.t power is shown in Figure 20 ; at - 550 watts

input, 700 mW output was cbtained with an incremental efficiency of
~ 0.2%, despite the use of a lamp 2X longer than the rod.

point, no damage to the rod was observed.

checks at 50 J/pulse - 20 Hz (1 kW), the rod fractured. It is not

known whether the firactures initiated at surface microcracks or were

indicative of the material limitation. Such microcracks greatly

increase the st-ess at the surface of a uniformly heated rod cooled

only at the surface.
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Figure 20 Two Micron Output vs Input Power




B.2.3 20 Hz OPERATION

In order to determine the effects of temperature on lasing threshold
and slope efficiency, long pulse experiments were carried out under the

following conditions:

Rod: 462.2, 507 Er 6.7% Tm 0.5 Ho
Coolant: denatured alcohol heat exchanged to

dry ice/methanol

Pump Cavity: silvered ellipse, lamp and rod cooled

with separate jackets
Flashlamp: ILC 3000 Torr Xe (3.5 x 55 mm)

Rod holders: Stainless with "0" ring seals.

Unfortunately a number of experimental difficulties were encoun-
tered and reproducible data were not obtained. However, at -15°¢C
operation at 20 Hz, long pulse, was obtained. The output at 20 Hz
and below was not stab.e due to mechanical difficulties and measurements

of average output power were not attempted.

5.2.4 TEMPERATURE DEPENDENCE OF 2 um LASER PERFORMANCE
Determination of the temperature dependence of laser threshold

and slope efficiency were carried out using the following experimental

conditions:

Cavity: Water flooded, front surface cylinder
flashlamp/rod separation (centers): 11.1 mm
length 38 mm, radius: 9.65 mm
flow rate: < 1.9 2/min
rod holders: sta 1less/"0" ring, ~ 5 mm

of rods shadowed

-72.
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Lamp: ILC 3 x 25 mm, 3000 Torr Xe

Trigger Mode: Parallel to cavity

Bank: 50 uf, 100 uh, 170 us FWHM

Rod: 409C.2 3 x 23 mm, 50% Er, 6.7% Tm
0.34% Ho

Resonator: Mirrors coated onto rod, 96% R.

Temperature of the coolant water was varied using a Korad K-1
cooler. The results shown in Figure 21 indicate an increase of . 0.3
joules/°C in threshold over this temperature range in this pumping
cavity. Note that the incremental increase in laser threshold is

dependent on the overall pumping efriciency. From these data we

obtain a normalized temperature dependent threshold rate of change of

% per °C per joule threshold at 20°C.

Note that this is applicable to a rod of this composition using a
"Tow loss" resonator. MWith a lower reflectivity output mirror, for
example, the threshold temperature dependence wouid be considerably

weaker,
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Figure 21 Temperature Dependence of
Two Micron Laser Performance
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5.2.5 BEAM DIVERGENCE MEASUREMENTS

——

Measurements of the beam diveraence at 3 pps in the water
cooled cavity described in 5.2.4 were made in lona pulse npera-

tion (rod 409d.2, flat/flat resonator, length 29 cm). Measure-

|
:
4
j
3
3
E

ments were made at three distances using a Barnes InAs with a 25 um
pinhole over the diode. Visual alignment and location of the ‘
beam was obtained using the reflection of the rod face of a He -
Ne alignment laser alianed normal to the rod face. Measurement
of the beam width was made by scannina alona one axis (X) to lo-
cate the midpoint; then scannina perpendicular to the X scan at
the X midpoint; measurina the total width; then measurinag the
total width along the X axis, perpendicular to the Y axis at the
Y axis midpoint. The data are tabulated below:

TABLE 5-2

, BEAM DIVERGEMCE MEASUREMENT
DISTANCE FROM

OUTPUT MIRROR X/ 2% Y /2% of

R]: 56 cm 0.20 ¢cm 0.18 cm 0.8 mr

R2: 595 cm 0.75 ¢cm 0.65 cm 1.0 mp

R,: 1661 cm (54.5 1.54 cm 1.40 cm 0.8 mp
3 ft)

* X,Y = full width (total distance along axes for which spiking was
observed)

half angle (to total extinction) diveragence using X/2 = r
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The divergence was calculated from the expression:

r = Ro + L

where

s = aperture radius (1.5 mm at the mirror output)
6 = half angle beam divergence

R = distance from output mirror

r = beam radius at R

Note that the table 1ists the half angle divergence measured to the
full extinction of the laser spiking. As the intensity profile of
the beam is not known the full angle beam divergence to the half power
points cannot be accurately inferred from these data. The condition
in the far field
2
R > Lo =53 ¢n
2k
was satisfied at Ry Thus, the worst case full anqle raw beam diver-
gence is 1.8 mr; the full angle divergence to the half power points is
probably much closer to ~ 1 mr.
The low divergence is indicative of the Tow strain and lack of
index inhomogeneities of this material. This results from growth in

the melt under concommitantly smaller thermal gradients than in growth

of YAG, for example. Fringe counts of YLF ére typically considerably

less than one per inch.
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5.3 Q-SWITCHED MEASUREMENTS

Q-switched measurements were made with a number of rods of
agifferent compositions. The major focus of these measurements,
in addition to providing baseline performance data of this mater-
ial and determining the effects of feed purification technique on
the damage susceptibility of the material,was to determine the

effects of composition on Q-switched performance. In particular

determination of the ratio of Q-switched to Tong pulse output as a
function of Tm:Ho population ratios is of great importance in deter-
mining the optimum material composition. While rather extensive
Q-switched data were obtained, the determination of the Q-switched
output as a function of Tm:Ho population ratio was rendered somewhat

ambiguous due to experimental difficulties discussed below.

5.3.1 BACKGROUND

afYLF would appear to be an excellent Q-switched laser material.
The storage time is extremely long (10-15 ms spectroscopic lifetime)
and the splitting of the upper manifold provides for very high energqy
storage/unit volume. This latter property requires some discussion.
The upper manifold (517) is split into 11 doubly degenerate states
with a total splitting of 191.5¢m™ .  Threshold is determined by the
thermal occupation factor of the upper laser level (0.13 at room
temperature). Above threshold the excess population stored in the
entire manifold is available (the thermal relaxation time between levels
is much faster than the time scale of Q-switched or long pulse oscilla-

tion times) to replenish the depleted inversion as the loss due to

stimulated emission increases.
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However, in this sensitized system another factor must be con-
sidered. Energy transfer times between rare earth ions in crystals

are generally slow compared to Q-switched oscillation times. In this

specific system the excitation energy is shared vetween the excited
3H4 (Tm) and 517 (Ho) ]eve]s(]). In long pulse oscillations the
combined energy stored in these manifolds can be extracted (1ong
pulse oscillation characteristic times are typically 10 us - 1 ms).
Oscillation times in Q-switched operation, however, are probably too

fast to make use of the energy stored in the Tm3+

3+

Since the energy
stored in the Tm depends on the Tm:Ho population ratio, the mag-

nitude of this effect can be observed by determining the extractable
energy per unit volume as a function of composition in long pulse and

Q-switched operation. Experiments were performed with rods of four

different Tm:Ho concentration raties: 3.9:1, 13.4:1, 19.7:1, and :
6.6:1. The extractable energy in Q-switched operation was found to

be extremely sensitive to resonator conditions, particularly the

operating conditions of the LiNb03, and a relationship between the

long pulse to Q-switched extractable energy as a function of composi-

tion was not established. In addition surface damage of the LiNbO3

was observed at output levels above 50 mJ. Results are discussed

below.

5.3.2 ROD 452.1

Q-switched operation was obtained under the following conditions:
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Rod: 452.1, 7 « 75 =p

20% Er, 10% Yb, 6.7% Tm, 0.5% Ho - uncoated

Lamp: ILC 3 x 35 mm, 3000 Torr, Xe
Resonator: Plane parallel, length = 60 em
Q-Switch: Lasermetrics Model No. 902
L1'Nb03
Polarizer: Calcite Glan Prism
Cavity: Flooded, front surface silvered cylinder

2 = 38 mm, r = 9,65 mm
Flow rate <0.5 gal/min

Rod Holders: Stainless/0O-ring seal - 5 mm of rod
shadowed

At 45 joules input, 43 mJ output was obtained long pulse - the
low efficiency was due to the pump cavity. The effects of resonator
alignment, Q-switched voltage and Q-switch delay time were investigated.
The optimum delay time was found to be 400 + 100 us after the trigger
to the lamp for a ~ 200 us flash pulse duration. Variations of the
resonator alignment and retardation voltage affected the energy
output and the number of spikes. Under the optimum conditions, deter-
mined by trial and error, 1/2 of the long pulse output energy was
obtained in a single Q-switched pulse at the same input. The long
pulse output was that obtained with the polarizer and L1'Nb03 in the
cavity.

The maximum output which could be obtained in a single pulse was
20 mJ with 95% R. At higher input levels, after pulsing was observed;
in fact long pulse oscillations could not be held off completely under

static conditions (1/4 wave voltage on - but not switched) at this
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input level. This suggests that better results might be ob tained

with AR coated rods but the major problem, discussed below, was

oscillations in the LiNbO3 transmission.

Zame i o T s e i

More than 400 shots were taken at peak powers -~ 1 MW without

evidence of damage to the rod, polarizer or LiNb03. Note that the 3
rod was grown using Lindsay Rare Earth feed (not zone refined). }
| 5.3.3 RODS 71.384 and 462.2 %

Measurements were made with rods of two compositions in order to
evaluate the effects of the Tm:Ho concentration ratio on the amount
of energy which can be extracted in the Q-switched mode. Unfortunately,
in the experiments described below, differences in the laser output in

Q-switched and long pulse operation could not be attributed to rod

composition alone. Rather the characteristic of LiNbO3 operating as
an electro-optic shutter appears to be the major factor limiting the
extractable energy in Q-switched operation and the net efficiency at

the present time.

5.3.3.1 Rod 71.344

The composition of this material is:
50% Er = 6.7% Tm = 1.7% Ho;

the original composition formulated by Johnsen, et a].(zo) for CW
operation at LN2 in "aBYAG". A YLF rod of this composition had pre-
viously been operated Q-switched with the same efficiency in long
pu]se( ) but with a rotating mirror. Q-switched operation of this
composition was obtained under tihne following conditions to determine

the switched behavior using LiNb03.
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Rod: 71.344: 3 x 25 mm, 5 mm shadowed,
no coatings

Lamp: 3000 Torr Xe, 3 x 35 mm

Cavity: Silvered ellipse, lamp and rod water
cooled in separate quartz jackets

Resonator: plane parallel, length 53 c¢m

Polarizer/
Q-switch: Calcite/LiNbO3 - Lasermetrics EOM-902

The results obtained in this rather inefficient pump cavity are
shown in Figure 22. The long pulse data were taken with the calcite/
LiNbO3 in the resonator; the switched outputs with a 300 us delay
after the initiation of the flashlamp whose total duration was 320 us.
At 50 joules input to the lamp, where the long pulse output was 50 mJ,

less than 1 mJ output was observed with the voltage on the LiNbQ., but

3
not switched. Optimum resonator conditions (alignment, polarizer,

and 1/4 wave voltage) were determined by the minimum in long pulse
output with static voltage on the LiNb03. Most of the energy output
in Q-switched operation was obtained in a single spike; weak long pulse
oscillations were not completely suppressed, but accounted for < 10%
(estimated from photographs of the output) of the energy.

In previous Q-switched operation of this composition'materia1
using a rotating mirror, the Q-switched threshold and slope efficiency

were nearly the same as in long pulse. This together with data dis-

cussed below indicates that Q-switched performance is limited by the

dynamic optical retardation characteristics of LiNb03.




2um OUTPUT vs. INPUT
oor Rod # 71:344 |
75°% R ‘g
|40% {
|zc+ |
H
3 . |OO+ '
-"g" 71 344
g~ Long Puise
*  eof
0
i W
@ 60{» 4 ’
5 05 !
{ | & 71344
;" : 2 Q- Switched
| { ®
o -
§ 20}
| /

A
30 40 50 60 70 80 90

INPUT ENERGY (Joules)
I D-156

Figure 22 Q-Switched and Long Pulse Output vs Input
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5.3.3.2 Rod 462.2

The composition of this material is
50% Er, 6.,7% Tm, 0.5% Ho
The experimental setup was as follows:

Rod: 462.2, 3 x 42 mm, 5 mm shadowed

Lamp: 3000 Torr Xe, 3 » 35 mm

Cavity: Silvered ellipse; lamp and rod water cooled in
separate quartz jackets

Resonator: Plane parallel, length 50 cm

Polarizer/Q-switch: Calcite/LiNbO3

In comparison between Q-switched and long pulse operation it was
found that most of the long pulse output could be obtained in Q-switched
operation; however, the output consisted of many spikes. For example,
at 32 joules input (37 mJ long pulse, 35 mJ Q-switched using a 300 us

delay) the Q-switched output consisted of up to seven giant spikes

spaced 10 us apart. Co-firmation of giant spiking was obtained using
two detectors - one monitoring all spikes through the rear mirror, and
one sufficiently far removed from a diffuse target so that only gian:

spikes could be observed.

Long pulse (with polarizer and LiNbO3 in the resonator) and

Q-switched output under these conditions were as follows:

.
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TABLE 5-3

Q-SWITCHED AND LONG PULSE OUTPUTS

INPUT ENERGY QUTPUT*

Long pulse’ 0-Switched"

e ——

28 J threshold threshold
l 82 J | 37 mJ 35 mJd
i - -
IS, R

+ Polarizer and Q-switch in resonator

" multiple spikes

At nigher inputs some (> g pulse) after pulsing was observed whi:h
persisted up to 100 .s. In general, most of the (Q-switched enerqgy was
in the first pulse; the secondary giant pulses were somewhat erratic
under fixed resonator conditions. Sucrh multiple spikes were observed
with Q-switch delays from 0 - 600 us after the flashlamp initiation
(flashlamp duration 160 .s). In long pulse operation oscillations
bagan at 270 us after the trigger to the lamp. The maximum energy
extracted under these conditions was at a Q-switch delay of 300 us;

at 600 .s delay approximately half the maximum output was obtained.

Multiple pulse behavior usirg L .‘lbO3 to Q-switch Nd:YAG is

reported in references 21 ard 2z. The inultiple spiking was attributed
to a piezooptic effect induced by the voltage on the crystal. The
nel effect is to increase the switching time and cause anomalies
in the transmission (see Appendix III). This effect can be minimizedez)
by applying a reverse voltaa> to tha crystal.

A reverse bias was applied by floating the LiNbO3 above ground
and applying a reverse bias of 1.38 KV with a high voltage D.C. supply.

"he initial voltage on the (-switch supply was increased (to 3.1KV) to
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maintain a net quarter wave retardation. The result was an immediat:

decrease in the number of giant spikes and a more reproducible output.

Fig.23 shows the single shot outptt in long pulse and Q-switched
operation with the LiNbO3 back biaced. The Q-switched ovutput was for
the most part contained in a single spike. Both the long pulse and
Q-switched data in Fig.23 were taken with a damaged Q-switch in the
resonator. The damage consisted of two large surface pits which

obscured 10-20% of the rod cross section,

5.3.4 LASER DAMAGE

In addition to the problems encountered with transient effects in
Lith? laser damage in Q-switched operatior was observed in the two
crystals available (both obtained from LASERMETRICS). Careful damage
studies in LiNbO3 are not a part of this proaram; moreover, local
peak powers may be much higher in "hot spots" than the estimates ob-
tained from the energy output divided by the pulse width.

Bass et a].Q3) have studied the passive surface and bulk damage
thresholds for LiNbO, under carefully controlled conditions (at

= 1.06 and 0.69 .m; and conclude:

(a) internal damage is produced at the same or lower levels of
irradiation than required for surface damage

(b) the damage resistance, defined as the maximum power level
for which the probability for damage is vanishingly small, for LiNbO3
is 6 MW/cm2 for a multimede pulse and 350 MW/cm2 for a single mode
(TEHOO) pulse at » = 1.06 um. The difference in the two levels is
attributed to the non-uniform intensity distribution in a multimode

beam - that is LiNbO3 will not damage at uniform power levels of
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Figure 23 Q-Switched and Long Pulse OQutputs
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350Mw/cm2. In a multimod beam the apparent Jlower damage resistance is

due to sufficiently high local powers (hot spots).
Damage observed in the L1'Nb03 crystals used in

*hese experiments

was confined to the surfaces cf the crystals (see Fig.24 ). The approx-

inate level where damage was observed with near unit probability/shot

was -~ 100 mJ Q-switched. This corresponds to a peak power (assuming a

50 ns square pulse) of 2 MW and a peak powe: density of some 30 Mw/cm2

outside of the re.onator. Inside the resonator with a 50% R output

mirror the “average peak power density" is some 60 Mw/cmz.

From laser beai patterns on Polaroid film it is clear that the

laser was not operating in the TEM00 mode. Therefore local power den-

sities might be much higher. Correlation of these observations with

the results of Bass ot a].(23)is premature as these results at 2 um

were not sufficiently well controlled. However, in contrast to the

conclusion (a) stated above, only surface damage was observed in these

experiments. This may indicate that inadequate surface cleaning and/or

poor coatings were responsible at least in part for these results.

Damage to the calcite polarizer was not observed. Figure 25

shows a transmission spectrum througn a 2 cm thick sample of uncoated

calcite (data supplied by Karl Lambrecht Corp.). OQutput oscillations

of Ho:YLF lie between absorption tands.

No Taser damage was observed in the YLF rods used in these experi-

ments. Rod 71.344 was cut from a boule grown in 1968 using American

Potash (not zone “efined) feed. Rods from this boule have oreviously

been Q-switched (up to 500 mJ from a 3 x 30 mm rod) using a rotating

mirror without any material damage. The only boule in which laser
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damage has been observed is 140f (feed material Research Chemicals -
not zone refined). Rod 462.2 was grown from zone refined Research
Chemicals feed. Up to 100 mJ was switched in a single spike and
repetitively switched operation at 3-5 Hz for an extended period at
10-30 mJ was obtained. No laser induced damace was observed. This
result suggests that some impurity(s) in Research Chemical feed ini-
tiated damage formation, and zone refining of the feed before growth
eliminates the offending impurity. However, as positive identification

of such impurities is lacking, these conclusions are speculative.

5.4 DETECTOR RISETIMES

The response of HgCdTe and IrAs diodes to 2 um Q-switched pulses
was investigated. In preliminary experiments usinag both detector
materials, typical pulses observed were asymmetric with faster apparent
risetimes than decay times. In those experiments the output
voltage of a TIXL151 preamp across 507 was measured with a Tektronix

7904 oscilloscope. Under these conditions the output voltage (En) is

where Id is the diode current and RT is the transimpedance of the
TIXL151(4.7 K ohm). Typical peak voltages were 10 my corresponding to
diode currents of . 2 HwA. As the advertised nep's of the HgCdTe are
typically . 5 x 10']2 watts/HzU2 with responsivities of . 1 amp/watt,
2 uA ovtput corresponds to a current 4 105 above the dark current.
Dynamic range data on the diodes are not available from the manufac-

turers. Manufacturer's date tor the diodes are shown in Table 5-4.
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TABLE 5-4

HgCdTe Diode Properties

Diode Number Cut Off Wavelength Manufacturer
H-l+ 2.08 um Honeywell Radiation Center
ADL-1* 2.8 um Arthur D. Little Type ADL-28-10-4B
4

+ Active area 5 x 10° cm2, junction capacity 13.7 pF at -0.10 volt

* Active area = 4.6 x 107 cm2

In order to eliminate the pessibility of saturation of the diodes
additional amplification was provided. The complete circuit includes
a TIXL151 preamp, a 733 wideband amplifier, and an emitter follower.
The effective transimpedance of the entire unit was found to be 178K
ohm. Thus for a 10 mV output the diode current is only 6 x . amps
with the additional amplification stage.

Measurement of the risetime of the detector electronics was made
usinag a Rutnerford B16 pulse generator. Figure 26 shows the response
of the amplifier circuitry to a square wave input as well as the output
c¢f the pulse generator directly across 500. These measurements indi-
cate that the rise and fall times of the detector electronics are < 20 ns.

The risetime of the HgCdTe diodes with the associated electronics
was then examined using a 0.9 um light emitting diode. The output of
the diode observed with a Si photodiode (SGD-100) followed by the same
circuitry is shown in Figure 27 together with dats observed with the
HgCdTe diodes designated H-1 and ADL-1. The data in Figure 27 were
obtained with a back bias of 0.5 volts; similar risetimes were observed
using back biasing voltages from 0 - 0.7 volts. The measured rise
and decay times for both diodes are > 200 ns when irradiated with

0.9 um radiation.
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In detection of Q-cwitched 2 um spikes risetimes of . 20 ns with

decay times of 100ns were observed. The "risetimes" were obtained
from photographs of Q-switcned pulses and were definec as the time
interval between which the pulse rose from 10 - 90% of the peak value.
However, this definition can be misleading.

Consider the response of an RC circuit to a step function of
amplitude E (see Fig. 28. The volitage (E) rices according to

A {1 - exp(-t/7)}

where v is the RC time constant of the circuit. It is easy to show for

an exponential rise that

= L
r

where L is the risetime of the pulse (time interval during which the
pulse rises from 10 - 90% of the peak value). Ther for an input pulse

of duration T < t the peak voitage at t =T

E (T) = E, {1 - exp (-T/1)}.

For t > 1 the voltage pulse decays according to

B () = B §r) {exp =tjtl)-

Note that E (T) < EO. This is shown graphically in Fig. 28. For input
pulsewidths T < 1 it is seen that the output of this circuit is an

*
asymmetric pulse whose apparent risetime (rr ) reflects the pulsewidth,

and whose decay time reflects the true "RC time constant" of the circuit.
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Using the RC circuit analogy to describe the response of the
Hy CdTe dicde we note that a risetime (or decay time) of 100 ns
corresponds to an equivalent "time constant" of 220 ns. Suppose a
20 ns wide pulse of intensity Po (watts) is incident on the detector.

The 1iode output current (ID) rises according to
5 = RPo {1 - exp (-t/1)}

where R is the diode responsivity (amps/watt). The peak current at
t = 20 ns is

% = RPo {1 - exp (-20/220)}
. (0.'|R)Po

Thus the effective responsivity is reduced by an order of magnitude.

If we wish to use such a diode for a rangefinder we note that,
using the RC circuit analogue, the range resolution is determined by
the laser pulsewidth; however, the respoasivity will be degraded. In
the specific example cited for a 20 ns Q-switched 2 um pulse detected
with a diode with a 100 ns risetime the minimum power which can be
detected by the diode is reduced by an order of magnitude, requirinn a

comparable increase in transmitted power.

In view of the similarity of the observed 2 um Q-switched pulse
shapes using the HgCdTe diodes and the output of a simple RC circuit
to a short driving pulse, it appears that these diodes can be charac-
terized by risetimes of - 100 ns. This roughly corresponds to the

90% - 10% time interval in the tail of the decay of these devices irra-
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diated with 2 um and 1 pm Q-switched pulsecs, irom tie observed
rise of 2 um Q-switched Pulses, pulsewidtis from 20 - 50 ns are inferred
in this analogy.

Recent experiments conducted with a Philco L4530 InAs diode using
the same ampl . fication circuitry revealed risetimes of approximately
10 ns, The 2 um Q-switched pulses were approximately 20 ns wide (FWHM)
and symmetric.(]% Advances in HgCdTe technology have recently resulted
in HgCdTe diodes with risetimes of . 20 ns and avalanche qain.(2 )

However, these devices were not available for evaluation on this program.
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APPENDIX I
COMPARISON OF Ho:YLF and Ho:YAG

Although 2 .m laser operation has been reported in a number of

different materials,(]"3)*

efficient room temperature operation has only
been observed in sensitized YLF. The superiority of YLF for this
application results from fundamental properties of this host which
are discussed below. Let us consider the case of identically doped
«oYLF and «:YAG. Ho laser operation in YLF was found to be consider-
ably more efficient than in YAG in room temperature pulsed operation.(4)
Tnis can only be the result of differences in the following laser para-
meters:

(a) Energy transfer efficiency

(b) Ground and upper state splittings of the Ho3+ ion

(c) Specific gain of the laser transition

(d) Optical quality of the host.

In the comparative experiments the YAG rods exhibited considerably
higher optical quality than the YLF rods available at the time: the
specific gain of the laser transition is probably somewhat hiaher in
YAG as the lines are somewhat narrower.(a) Furthermore, the level

splittings of Ho3+

are somewhat higher in YAG. From reference 5 and
6 we compute the occupation factors of the pertinent levels of the

laser transition tabulated below.

* See references at end of this Appendix.
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TABLE AI-1
RELEVANT _EVEL SPLITTING OF .:YLF and au:YAG

[ Ho:YLF Ho:YAC
s68: Ground State Splitting 306 cm”! 540 en”!
B3: Occupation factor of lower -2 2

laser level (room temperature) 2.8x10 1.3x10°
AE? ; Upper Manifold Splitting 191.5 cm”! 225¢m™
B ¢ Occupation factor of upper

laser level (room temperature) 0.13 0.2

As the Ho3+ concentration was high (1.7%) in the rods we can neglect
cesonator and scatteriic losses. The upper manifold population at

threshold, N7, fer both materials is given by(7)

where NO is the active ion concentration. Using the values irn Table A-I

we have

N

7 (Ho:YLF) (0.14) N,

and

N7 (Ho: YAG) (0.06) No

Now 17 is proportional to the input energy to a flashlamp at threshold.
Fer the same active ion density this analysis predicts a considerably

lTower threshold in YAG - contrary to what is observed(a).

The remaining identifiable host reiated property is the eneragy
transfer efficiency. While detailed studies of the transfer mechan-
isms in YAG are not available, Johnson(])’(g) has proposed the follow-

ing transfer mechanism in Er-Tm sensitized Ho:YAG and CaMoOaz
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(] Er3+ absorption with rapid non-radiative decay to 4113/2 with
the energy decrement taken up by lattice phonons

hoye (| 3 5
e Rapid I.|3/2 (Er) - Hq (Tm) - I, (Ho) transfer.

In YLF, on the other hand, non-radiative, phonon assisted decay

3+ 4

of the higher excited Er levels to 113/2 positively does not occur.(4)

Instead the higher lying Er3+ pump bands of each ion are de-excited by
resonant transfer with simultaneous excitation of other Er3+ and Tm3+

ions to 4113/2 and 3H4 respective]y.(7) Subsequent rapid transfer from

4I i
13/2

discussed in great detail in this report (Section 4.0) and in reference 7.

H4 . 517 completes the transfer sequence. These steps are

In YLF, for each photon absorbed at 0.55 «m, three Ho ions are
excited and 3600 cm'] of heat is deposiied in the crystal. In the
proposed transfer scheme in YAG for each 0.55 um absorption one Ho ion
is excited and 13330 cm” | of heat is taken up by the lattice. Note
that although the resonances between the Er3+, Tm3+, and Ho3+ levels

are fortuitous, the dominance of resonant transfer over phoron-assisied

nen-radiative decay in YLF is not.

An excited ion may decay via emission, non-radiative decay with
2mission of phonons to the lattice {multiphonen relaxation), or ion-
ion interactions (resonant transfer). Phonon assisted transfer also
c€an occur although the rates for this process are agenerally small.(é)
In general for 4f-4f transitions spontaneous emission rates are the
order of 103 sec'1 for transitions 1n the visible. The spontaneous

3 ; : T
rates depend on .° where ., is the vrequency of the transition above the

around state and are relatively insansitiye to the host lattice. 1In
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most "ag" materials nearly all the levels are ouenched indicating that

spontaneous rates are not important (except, of course, for the laser
transition).

Multiphonon rates are, however, strongly dependent on the host

]attice.(g) Figure Al-1 shows the measured multiphonon relaxation rates

for YLF,(G) Y203(9) and la8r3;(9) the rates for Y203 are representa-
tive of those of YAG. The multiphonon relaxation rates of YAG are
seen to be approximately a factor of five areater than those of YLF.
Simply stated, oxide hosts exhibit higher rates of phonon assisted
non-radiative decay than fluoride hosts. While in some systems
(Nd:YAG) a high rate of phonon assisted decay is advantageOus,(g) in

sensitized systems such as the Ho laser this non-radiative rate is

competitive with rates for transfer.

From Figure AI-1 it appears that improved transfer efficiency from
a host like LaBr3 (or in fact LaCl3) might be sianificantly better than
in YLF. However, the physical properties of these materials prohibit

their use for laser applications.
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APPENDIX 11
SCANNING ELECTRON MICROSCOPE STUDY OF INCLUSIONS

The scanning electron microscope (SEM) is a tool very well suited
for the study of inclusions in crystals, provided that the defect can
be made to intersect the sample surface. Detailed visualization of the
specimen surface can be realized with significantly better contrast,
deptn of field and resolution than is obtainable by optical microscopy.
X-rays from any area of interest can be analyzed, using a Li drifted Si
detector and associated multichannel analyzer. Counts can be accumu-
lated for selected intervals ranging trom 100 to 8 x ‘IO4 seconds. Under
normal laboratory conditions only elements heavier “han neon can be
detected.

X-ray data from the SEM is printed out in counts/channel over the
énergy range selected. For low resolution spectra the whole 20 keV
range covered by the SEM is divided into 200 equally spaced channels.
High resolution spectra recorc the same energy range in 1000 channels,
ul tnhe data must be measured i~ fiyc 200 channel blocks spanning 4 keV
2ach. Interpretation of the data must be computer assiste.. The
available instrumentation 21lows erly off-line data processing. An
HP 9820A desk-top computer with a digital olotter and magnetic tape
cassette memory was used for reduction of the data reported here.

Over the 0-20 keV region both K and L spectra are observed. In

addition M spectra are observed up to about 3.2 keV. The exciting
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electron beam has an energy of 20 keV; therefore the excitation cross
section and the observed line intensity per unit concentration decreases
with increasing energy.

Line assignment and element identification is made with the aid
of translucent standard overlays. For positive identi-
fication of a given element at least two lines must be assigned. The
first criterion to be met is line energy and if there are still doubts,
the intensity ratios are considered. Not all local maxima in a given
spectrum are peaks. Even if the above two conditions are seeminaly
met, one wust also take into account height above background, peak
width, and the synergistic contribution of minor lines of the major
elements. Thus in Figure AII-1, which is a 100 second low resolution
spectrum of an -YLF sample, numerous "peaks" have not been assigned

because they could not be uniguely attributed to one element.

Figure AI1-2 is a smoothed nigh resolution Xx-ray spectrum counted for

400 seconds per 200-channel block. An improvement in line shape is
ipparent when low and high resolution spectra are compared. Additional
lTine assignments over the 3 to 6.5 2V region have been made, but their
validity is in doubt. Further exploration of this portion of the X-ray
spectrum would require counting several thousand seconds or longer to
accumuiate data amenable to line shape analysis.

Samples for the SEM were prepared by mechanical pclishing with
Syton, followed by argon ion milling to expose a clean, damaae-free
surface,

i sample of «:YLF with well defined bubbie inclusions wes inves-
tigated first in order to characterize the formations and to deter-

mine if the bubbles were associated with local concentrations of
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impurity elements. Several cycles of ion milling - scanning electron
microscopy were done in order to expose and examine successively deeper
layers of the sample. Figure AII-3 shows a typical bubble in aB193F. One
observes a central hole, a lining and a sharp boundary with the matrix
material. Low resolution x-ray spectra were obtained for spots located
both on the matrix and at various locations on the bubble lining. The
x-rays were counted for 100 seconds. A typical spectrum is shown in
Figure AII-4. At the resolution and counting time used, the spectra do
not indicate the presence in the bubble region of local concentra-

tions of impurity elements. Low resolution spectra measured over

short counting times are toc noisy to be made to reveal minor differences
in composition by subtraction. The appearance of the bubble core

may be due to the effect of poor melt circulation coupled with rapid
solidification near its surface.

However, since the use of Ar as the furnace gas has been intro-
duced, the occurrence of such bubbles in YLF has been almost completely
eliminated. Therefore, attention has been directed at anal sis of
the other light scattering cent” . ».

4 of ion-milled and

Careful examination at magnifications up to 10
freshly fractured surfaces of various YLF samples has indicated
complete agreement between asti.al and scanning electron microscopy in
characterizing an inclusion as a bubble. What optical microscopy does
not always revecal is the nature of the bubble's interior. The re-
maining light scattering c:nters could not be characterized as bubbles
by either technique. Extensive SEM abservations on ion-milled samples

have not indicated the presence of a well defined crystalline inclu-

sion phase. One might expect to tind differences in ion milling rates
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Figure AI1-3 SEM Phote #193f
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among various phases. Various surface features have been seen and

TR —

Xx-ray analysis

indicates absence of high local concentrations of
purity elements.

im-

The freshly fractured surface also gave no indica-

| tion of the presence of inclusions. To continue this wor«, one should

accentuate phase differences by ion milling

in various crystallo-

graphic directions and at varying Ar ion energies. High resolution
]

X-ray spectra should be messured over long counting times to enable

identification of elements present at levels below 17.




APPENDIX 111

TRANSMISSION AND SWITCHING TIME OF LiNbO3

Difficulties eincountered in the operation of LiNbO3 as a Q-switch

for Ho:Y' ' F led to an investigation of the dynamic characteristics of

this material. Fiqgure AIII-1 shows the experimental setup utilized to
measure the risetime and transmission of the LiNbO3 Q-switch. The
LiNbO3 was placed between crossed calcite polarizers; a He-Ne probe

beam was detected by a RCA S-20 photomultiplier tube terminated with

50 ohms whose output was photographed using a Tektronix 585 oscilloscope
with a Type 82 preamplifier. Figure AIII-2 shows the results: the A

trace corresponds to the output of the tube with the Q-switch shorted;

the B trace to the tube output with 1/2 wave voltage on the Q-switch
(not switched); and the C trace to the tube output when the 1/2 wave

voltage to the LiNbO3 is switched. The rise occurs within 20 ns. How-

ever, the peak transmission is not as high as in the steady state case
(voltage off), differing by approximately 15-25%.

This effect would be expected to be more severe at 2 um as the
initial voltage is higner. That is the half wave voltage at .63 is j
1.2KV and the quarter wave voltage at 2 um is 1.9KV.

These results indicate that, although the voltage switches to
zero, the retardation in the polarizer apparently does not completely

extinguish, The minimum in transmission occurs some 400 ns after the
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initial rise; somewnat later (. 10 us) large oscillations in re‘arda-
tion similar to results reported by Hilberg and Hook(AIII']) were
observed. This effect discussed in references (AIIl-1, 2) is attri-
buted to Piezo-optic oscillations in the LiNbO3 which may be a substan-
tial fraction (>20%) of the electro-optic effect. The piezo-optic
effect was found to depend on the initial stress in the crystal
(hence the voltage) and could be overcome by applying an electrical
bias to the crystal to null the mechanically gencrated retardation.
Laser measurements using a back biased crystal confirm the above
observations. However, transmission measurements were not made under

these conditions.
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