— e NISCI AIMER

This book was prepared a$ an aewount of work spangered hy an ageney of the United States Quvermiert.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warcanty  exqress or implied, or assumes any legal liability or responsibility for the accuracy,
completeriess, or usefulness of any Information, dpparsius, praduct, or pracess disclosed, or
represents that its use would not infringe privately owned rights. Reference herein w aily spe fic
smmorninl EOAIET [1gusss, OF Servico by trade name. trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, fecoMmeIuatin, v fussring By tha nlred
States Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.

6| Defensive
T Systems
sssooas e | Dijvision

85 Canal Street, Nashua, New. Hampshire 03061

' WA % T

ik




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Department of Energy, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
infurmalion, apparatus, product, or process disclosed, or represents
that its use would not infrince privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, mark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

Printed in the United States of America

Available from:

National Technical Information Service
U.S. Department of Commerce

5285 Port Royal Road

Springfield, Virginia 22161

Price: Printed Copy $ 10.00
Microfiche § 3.50



100% REPRO SINGLE SPACE 1BM SELE " -

[PUBLICATION NO { CLASSIFICATION }
i A
0— 1 2 3 4 ; /
HH'H NENENSNIEANASAEaEsiaRaaunssnsnnnnnnnnnnimnnninsnuniRiNINR] ¥ et DOE’DP’4°°54'
1] I I ; Dlstrlbutlon Category ,;UC-21

i

b
L
Lreranranns

FINAL REPORT FOR THE PERIOD
[31 JULY 1978 — 28 OCTOBER 1979

‘ .‘ . 4‘ 7.:

I _, =
i

§ ! »

%-m‘-_,_:;twrmw - T N P SRS : [lL..._..._ ’

EP Chucklls"ﬂ )
K R C. Folweiler'1 =

- T.M. Pollak

30

DO NOT TYPE B

- | DO NOT TYPE BE,

U e = e =
4 T

5 S

SA| A8 Defensive
Systems

: SANDERS| =25 . o

40 , ssocaresc | Division a0

95 Canal Street, Nashua, New Hampshxre 03061

R D S

T - Prepared 'or'-x&‘a A
o = Sya‘.,

[ o Y hﬁ-—’-...lh""‘-‘n‘i e

Lo

e n )ﬁgﬂ
., The Department o Energy

50 : ”’%*} - Office’ of Inertial Fusion Laser - &
: _giJndBr Contract.Number DE- A008-780P40054 walk

j e e e— e e e e e iy
k ) = B - ST - T _" Vs
7 ) -

v 64

Limit LOWEH’

ot iz

FFFIIl||HHIIIIIHHHIllIIHlllWllllHlllIHIJLJlHll[HllllHIJIHIJIHHH[IIIIJ e

[tr Fouio (EvEN o l— CLASSIFICATION —l RH FOLIO (ooo)]
1

50

|
—_ 100% REPRO SINGLE SPACE IBM SELECTRIC 12 PITCH



ABSTRACT

This is a combined study of resonant pumped solid state lasers
as fusion drivers, and the development of crystalline optical
materials suitable for propagation‘of the high peak powers associated
with laser fusion research.

Solid state (storage) lasers represent the most advanced
technology for inertial confinement fusion experiments. Flashlamp
pumped solid state lasers, however, exhibit specific deficiencies
(1ow efficiency and high thermal loading) which constrain their
application to very low repetition rates. Resonant pumped solid
state lasers cah exhibit vefy high conversion efficiencﬁes and very
low heat loading. High system efficiéncies.are feasible using

efficient pump sources.

Rare gas halide lasers (RGH) show promise for operating with
the energy, PRF and efficiency requirements of advanced fusion drivers.
RGH lasers, however, are not storage devices and operate with peak
powers well below the .requirements for fusion drivers. Storage of
the RGH energy in solid.state lasers appéars-a viable technique of
overcoming the limitations of both media.

During this period of study the concept of RGH/SS lasers was
first demonstrated by the 1asiﬁg of Tm:YLF at 453nm.pumped by the
353nm energy of XeF. Excited state densities of 5 x ]0]8cm_3 have
been attained and spectroscopic measurements show that up to 60%
of the pump energy can be converted into useful stored energy.
Alternative lasers and pumping schemes are also discussed. 1In all
cases the potential RGH/SS systems are evaluated in respect to
internal efficiency and heat loading.
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~ The materials requirements for advanced laser applications will
include high peak and. average power propagation together with material .
availability in large (30cm) apertures with very high optical quality.
Applications for materials include active (lasers, faraday rotators)
and passive (windows, lenses) components.

Crystalline fluoride materials exhibit certain general and
specific properties suited to these applications. Some of the
desirable properties of certain crystalline fluoride materials
include: '

a. -low values of n2,~the non-linear .indes of refraction

b. optical transparancyAfar into the ‘uv

c. Tow growth temperature (permitting ease of growth scale)

The materia]s.deve]ppment effort déscribed was directed at
growth investigation, and growth scale-up of crystalline fluoride
materials. Most of the work involved the host materials YLF (LiYF4)
and KYF.(KY3F]0).

‘The crystal growth process was scaled to produce 10cm diameter
crystals of YLF. The investigation»inc1uded construction of furnace
hot zones, the study of the affects of growth parameter variation,
and characterization of fabricated samples. 4

Other new materials that are described are KYF, KTb-3F]0 and Equ.
Samples of these materials were grown and sent to specific DoE lab-
oratories for characterization. The results of these tests are
presented. '

Improvements in the growth process that were done are described
in respect to quality improvement and cost savings.



Finally, the technical milestones achieved during this period
of study are assessed in respect to the future objections for laser
fusion research.



PREFACE

This.is a report of an investigation of resonant pumped solid
state lasers as fusion drivers, as well as the development of
crystalline optical materials suitable for propagation of -the high-
peak powers associated with laser fusion research. The investi-.
gation was funded by the Department of Energy under contract #DE-"
AC08-78-DP40054, Office of Inertial Fusion.' The period covered
in this report is 31 October 1978 to 28 July 1979. ‘

Dr. Owen Lewis and Dr. Paul Hoff, Office of Inertial Fusion,
.were technical monitors to this program.

These studies were performed by the Advanced Technology
'Department, Defénéive~$ystem3~Division of SandersﬁAssociates,
Inc. The Crystal Physics Laboratory, Department of Electrical
Engineering and Center for Materials Science, Massachusetts
‘Institute of Technology served as. Subcontractor. The program

- Folweiler was principal investigator at Sanders .and the program

managers for this program were Mr. Robert Folweiler and Mr. Evan
Chicklis. Mr. James .Baer and Mr. Mark Knights conducted the study

of rare gas halide pumped solid state storage lasers. Mr. Folweiler

| was assisted byAMr. Thomas Pollak in the crystal growth development.

. Technical functions of crystal growth, fabrication and optical analysis
at Sanders were déne by Philip Foley and . Leo Terrenzio. |

| » The work at the Cryst;1 Physics Laboratory was under the
“direction of Dr. A. Linz, and includes growth of new materials,
" feed synthesis and spectroscopy. Mr. David Gabbe performed the
crystal growth, and the feed material process development and
synthesis. Dr. Hans .Jenssen performed the spectroscopic measure-

ments.
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2.1 _Tm:YLF Oscillator Experiment

After_several_design_iterations., |the shortlcavity configuration

IR D

— of “‘F’i”g—l‘ﬂ; ST wasTconstructedT After alignming all e‘]‘e‘m‘e‘rtt‘s*’c‘O'a'X‘i“a‘H‘y“
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eightT T This—wasTrepeated at—small—intervals—along" w1tn»fne‘axis
© _of the system. ' R

Using the . experimentally denived {absorption coefficient for

Of T - d 4L R .20
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|___a_funct] onﬁ_of__p.oes,J_t_Lo,n__was ca-]cjat_ej,. Fi_qure.Z shows this curve,

-
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—aTong—with—the beam—width—profiile By—integrating—along—the axiss
) . 40

| a valuelof .44(Jd/cm on_axis)/mJ |delivered was arrived at.J For
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0 _E‘a'C‘h_‘c‘a‘n"b‘e'—d'e‘a"l't‘LW.' ith—separatelysTasthis—is—a{linear—process=
— : : 1 - S : v} 40
Th'er‘e wrﬂ be -a smallT—loss sfoc'ia;te'd._ withTinjectingTthe—pump—|
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. Absorbing-all_the light_that does get intolthe crystal provides
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TABLE II

THERMAL COMPARISON:

FLASHLAMP PUMPED GLASS AND XeF PUMPED Tm:YLF

EV-2 GLASS
RELATIVE HEAT
LOAD E 1
H
 THERMAL CONDUCTIVITY
g k (W/cm°K) 0.006
: C, (Vam’Kk) 0.54
< p (g/cm’ °K) 2.7
> ) _ Jo
e CV—PCP(J/cm K) 1.46
. FIGURE OF MERIT 0.006
13 G
'S
x | k/E,, (M
,' 5
§ © THERMAL DIFFUSIVITY
. 2
K=& (em’/SEC) 0.004
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L diameter—beyond—the_sdiizelin .1'_t.ait‘.1'.n of-—a-—given—_crystal_growing_furnalce.
Work has been performed to determine ‘the viability of Tm:YLFin a
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2..2..1 aser-Experiments | ¢ . . . | . . U
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Ao — — : —]40
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Dy:YLF Absorption, 353 nm Region
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Figure 25

Dy:YLF Fluorescence,
(A) 2R2 nm Region

(R) 473-479 nm Region
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Tb:YLF Absorption, 353 nm Region

56



ROO0N)

LILILLTTE

Figure 27

Tb:YLF Fluorescence, XeF* Pumped
(A) 393 nm Region

(B) 409 nm Region
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Figure 28 . .

Tb:YLF Fluorescence, XeF* Pumped
(A) 440 nm Region

(B) 453 nm Region
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Figure 31

KrF* Pumped Fluorescence
(A) 310 nm (Horiz. Scale
(B) 372 nm (Horiz. Scale
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KrF* Pumped, 248 nm Fluorescence
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3.2 SIZE SCALING OF CRYSTAL GROWTH OF RE:YLF
3.2.1 Summary

The scaling in fabrication of Targe crystalline fluoride aper-
tures is a significant development for the Advanced Laser programs.
Crystalline fluorides, as a class, display certain generalized prop-
erties - such as Tow no, and high ultraviolet transmission - which
are desirable for many laser applications. In addition to the appli-
cation of this materials technology to solid state storage lasers,
scale of the growth of this class of materials has application to
other aspects of high power laser technology, namely:

a. Nd:YLF has been identified as the most promising oscillator
material for phosphate(s) and f]uorobery11ate(6) systems;

b. KTb3F]0 and LinF4 have the highest figures of merit for
faraday rotator materials; (7

c. Recent measurement(1) of the two photon absorption coefficient
of YLF in the ultraviolet indicate that YLF is a candidate window
material for high power RGH Tasers and appears to be an excellent

candidate uv coating materia1(8).

d. KrF pumped Ce3+:YLF has been 1ased(4) and provides a tunable

coherent ultraviolet source (This is a non-storage laser).

The growth scaling experiments resulted in growth of 100mm
diameter single crystals of Er:YLF. The first 100mm crystal is
illustrated in Figure 38 taken during the growth process. The ex-
perimental approach taken consisted of a two-step scaling program.
The initial scaling experiment produced two 65mm diameter crystals
of Tm:YLF. Modifications were made in the het zone assembly, seed

78



100mm DIAMETER CRYSTAL OF Er:YLF DURING GROWTH
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Exper1ence with the growth of Nd: YLF suggested that the pre-flip
.¢irculation is- more,de51rab1e,.and was retained for that_compound by

reducing the -rotation.rate.

Unfortunately, the:experiments were not
complete enough to determlne whether the pre -flip circulation is man-
.datory for the growth of - YLF
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Growth rate was maintained at 1.5mm/hr. The rate of diameter
outward movement was 3-5mm/hr. This rate of diameter growth was
slowed considerably from previous crystal growth runs of large
crystals. As the growth parameters were developed, a large thermal
lag in the melt was observed, which was not considered at the beginning
of growth run 563a. As a result diameter growth rate averaged about
15-20mm/hr for boule 536a, whereas the rate was 3-5mm/hr for boule

563b. It is generally desirable to maintain a slower rate of diameter
enlargement to prevent defect formation caused by rapid growth in the
radial direction. Boule 563b was pulled to develop about 15mm of
straight wall growth and terminated to evaluate growth parameters.

Boule #563b grew with a concave interface. The increased rota-
tion rate of the seed rod, coupled with the significantly larger
boule diameter, may have created too much centrifugal force altering
the melt thermal gradient such that the center of the crystal melted.
Minor changes in the hot zone may have decreased the radial thermal
qradient. Less severe aradients will reduce the centripetal forces
generated by natural convection in the melt and make the forces
created by the pumping action of the boule more dominate upon the
melt circulation at either a smaller diameter or lower angular
velocity. The machined seed holder displaced the seed .75 inch from
the water cooled seed rod. It was observed, from melt back conditions,
that the seed holder acted as a sink and reduced the cooling of the
seed. Some correction for this affect was accomplished by raising
the crucible to a higher level and thus removed the seed holder from
the hot zone. Purther evaluation to fine tune the hot zone and
growth parameters for growth of large boules will be required.

3.2.4  Discussion
The growth of 100mm crystals has demonstrated the size scaling

ability of Sanders' technology to expand the process and fabricate
large crystals of YLF. The potential laser aperture has more than
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increased by a factor of three during the present program. Figure 47
illustrates three boules of Re:YLF grown for this program. Future
scaling experiments to reach the goal of 40 cm apertures will proceed
in two defined directions. The first method will employ the present
technology of TSS crystal growth and expand furnace capacity; the
second method will evaluate and develop a new growth method, bottom
seeded solution (BSS) growth,

Expanding the TSS growth technique will require a larger vacuum
chamber. This hew é}étem‘w6u1d.be a scaled version of the existing
system. Further scaling issues, including seed rod mechanism, hot
zone, and growth parameters, should be straight-forward as all these
issues have been demonstrated as scalable during this program.

Bottom seed solution (BSS) growth has substantial potential for
growth of very large single crystals of the fluorides of interest
for high power laser fusion. A major point is the economics involved
in the scaling of growth. Top-seeded solution (TSS) growth requires
a furnace hot zone to accommodate a crucible at Teast twice the
diameter of the growing crystal; whereas in BSS growth, the crystal
actually extends to the crucible wall. For the same size crucible,
a BSS grown crystal will be, at a minimum, twice the diameter of the
TSS crystal. 1In contrast to TSS growth, the crystal would be supported
by the crucible that contains the melt rather than the smaller cross-
section of the seed at the end of a rotating shaft. For growth of
very large crystals, e.g., for crystals 20cm diameter, this change
of support can be important, especially if the desired crystal has
poor mechanical properties, such as low strength and cleavage.

BSS growth based on the Schmid-Viechnicki technique(]4)
applied to the growth of large YLF crystals. The major difference,
sapphire melts congruently and YLF melts incongruently, in BSS

may be
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growth is that the melt will change in composition as the crystal
grows. Figure 48 displays a possible furnace assembly for BSS
- growth. The seed is located in a recess at the bottom of the crucible.
The seed is cooled by a heat exchanger entering through the furnace
bottom; the heat exchange media being either gas or liquid. The
thermal gradient in BSS growth, unlike TSS, is developed with the
center of the bottom of the crucible the coldest. The melt is con-
tained in the remainder of the crucible above the seed. The crucible-
heat exchanger assembly is supported by a refractory structure, such
as graphite, which in turn is surrounded by the heating element.
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3.3 CRYSTAL GROWTH OF KYF
3.3.1 Introduction

KY?’F]O is of interest as a laser host because the isotropic
nature of the material presents the potential of hot forging for
diameter enlargement. The crystalline structure of KYF is a modified
fluorite structure consisting of potassium ions at the corners,
yttrium at the face centers, and fluorine occupying two distinct
positions within the unit ce]l.(]s) KYF has been described as a con-
gruently melting compound displaying no sub-solidus transformation.(]G)
Recent evidence indicates, however, a Timited range of solid solution
in compositions over 25 mole % KF exists.(]7) Sub-solidus transfor-
mations may also occur. Similar to other crystalline fluorides, KYF
displays low values of n and Ny, 1.49 and 6 x 10714 ESU,(]S) respec-
tively. As exhibited by YLF and other large band gap fluorides, KYF
should be transparent well into the UV. These optical properties are
1deal for a Taser host and window material.

Limited growth development has been performed on KYF prior to
this investigation. Results of two previous growth attempts are
known. Airtron has investigated growth of KYF employing an active
atmosphere, H.F. Crystals grown displayed a hazy appearanceﬂ19) Malind »
employing inert argon also grew crystals containing what appeared to
be a second phase. The scatter centers appeared inconsistently in
the crystals and were related to oxygen contamination. Sections of
very clear material were obtained from these crystals. As a result

of inconsistent data concerning growth of KYF, further investigation

was warranted.

The process development for fabrication of new materials such

. a5 KYF require extensive investigation involving raw material selection
and initial processing, process atmosphere, and feed composition, as
well as growth thermal gradient and other growth parameters. These
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separate variables should be concentrated upon individually to optimize
the total process. This was carried out through growth experiments.
Initial growth runs and growth parameter development were_ performed

in Sanders' experimental fluoride growth system (Figure 49). The
manually operated furnace is a scaled down version of the automated
growth furnace, without the computer automated control. Manual opera-
tion and control by a highly qualified technician has been advantageous
in the early stages of growth development to optimize growth para-
meters. The hot zone allows growth of boules 25mm in diameter. High
purity argon atmospheres, O2 < <1 ppm, are obtained with the titanium
getter system purchased on this present contract. The raw materials,
oxides and carbonates, were converted to fluorides in a platinum-lfhéd
reactor, ' i )

3.3.2 Material Preparation for Crystal Growth
3.3.2.1 Powders

The powders processed for feed were carefully chosen to avoid
contamination due to handling. As such, the yttrium oxide and potassium
carbonate employed were of the highest purity materials commercially

available. Y203, purchased from Research Chemicals, contained at the

~most 10ppm rare earth ion impurities. Concentration of alkali and

alkaline earth ions which are not know, however may be relevant.

“Ultrex grade K2C03 was supplied by J. T. Baker Company. The chemical

analysis of the K2003 is Tisted in Table 4.

Yttrium oxide was converted to yttrium fluoride in the hydro-
fluorination system prior to mixing with K2C03. The conversion rate
was initially monitored by weight change of the material. Later,

a time-temperature cycle was developed. YF3 and K2C03 were mixed 1in
specific ratios and processed for the final fluoride conversion.

KF was not added directly as this material displays deliquescent
tendencies.
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TABLE .4

POTASSIUM CARBONATE, ULTREX
For Application in Fiber Optics Manufacture

_COMMODITY NO. 5157

LOT NUMBERY ~-512561

DATE OF ANALYSIS- 5/2/75
DATE PACKAGED: 8/14/78

FORMULA: K,CO

FW: 138.212 3 . ACTUAL ANALYSIS

ASSAY (K,CO,) (by acid-base titration, ©100.00 32
after gry%ng at 285°C for 4 hours)

Loss on drying at 285°C for 4 hours . 0.40 ¢

Padrticulate matter (after solution in water) Q;OOl%

NON-METALLIC IMPURITIES
In parts per million (ppm)

ARSENIC (As)2 0.04 f
HALIDES (as Cl) 3 :
Nitrogen Compounds (as N) 6
Phosphate (PO,) c 3
Sulfer Compounds (as SO4)— 1
TRANSITION ELEMENTSQ

In parts per million (ppm)
CHROMIUM (Cr) 0.01
COBALT (Co) , , ©0.01
COPPER (Cu) 0.01
IRON ' e 0.1
MANEANESE (Mn)—= 0.02
NICKEL (Ni) 0.02

VANADIUM (V) 0.01

I
!

Based on 3 determinations: 99.99%, 99.99%, and 100.02%

b -~ By evolution and silver diethyldithiocarbamate photometry.

Q
1

By barium sulfate turbidimetry in methanol-water.

Joh
'

Average values for duplicate samples analyzed by

dc-arc spectrography (after collection via coprecipitation
with indium using 8-quinolinol-tannic acid-thionalide and
ignition to oxides against commercial standards in indium
oxide, reading of lines in 2450-3875 A region); key
elements found at or below a significant blank value are
reported as < (equal to or lesg than) one-third of the
blank, key elements found at or below a blank near the
detection limit are reported as < (less than) the
detection limilk, the blank values found have been deducted
in all of the reported values.

e - By atomic absorption spectrophotometry.
Ty,
CloA
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CRYSTAL
G.R. HO .
1. 556
2 557
3 560
r::“’ 4 561
i 5 ,
(@8 )
L e
5 562
6 567
7 569

SUMMARY OF CRYSTAL GROWTH OF KY

Table 5

GROWTH FEED
COMPOSITION PARAMETERS COMPOSITION
KY Tm. , F 4.5mm/hr .5% Excess
2.85 77,1510 30rm KF
KY Tm F 3.0mm/hr Residual from
2.85°7.15°10 60ram 556 KF rich
KY, Tm F 1.5wm/hr .5% Excess
2.95° 7,05 10 30rpm YE
KY Tm F 1.5mm/hr .5% Excess
2.85 715710 30rpm KF
KY T F 1.5mm/hr .52 Excess
2.85 .15 10 30rpm KF
KY F 1.5%mm/hr Stdichiometric
3.010 10rpm
K\‘3F]0 1.5mm/hr 1.0% Excess
10rpm YF

3

F

30

EXPERIMENT

Grow seed material
Seeded on molybdenum
wire

Evaluate hot zone
& growth parameters

Evaluate growth rate
dependence

Hydrofluorinating
system evaluated
for contamination
{oxygen)

Reevaluated H.F.
Process

Growth in large
furnace 02 monitored

YF3 rich melt -

to observe crystal-
lization path.

RESULTS

Material contained uniform haze, com-
posed of twin crystals. Seed mat'l
fabricated in 100 orientation laser
sample fabricated

Severe thermal gradient developed driving

crystal interface deep into the melt,
Rotation of crystal increased to com-
pensate. The crystal was cloudy, re-
lated to either too rapid growth rate,
excess KF in melt, or impurity.

The crystal grew with a smooth sur-
face, but cloudy matrix. The scatter
appears to be related to a second
phase. The scatter is concentrated
in lower sections; growth rate not

a factor.

The crystal grown from material pro-
cessed during the test was cloudy.
A leak was discovered in the seed
rod, possibly contaminating the melt.

The crystal was cloudy, indicating
that oxygen contamination during the
H.F. process was not a problem.

The crystal was grown from melt in
platinum crucible, oxygen maintained
< Yppm. The crystal displayed a
frosted surface. A multitude of
twin grains developed. Precipitate

was observed parallel to twin grains
and very dense in the lower section

of the boule. <Clear samples

10mm x 10mm x Smm were obtained from
the top of the crystal.

Cryétal was cloudy, excess YF
melt did not affect growth.

31n
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- Growth Run III

The effect of growth rate was examined during Growth Run III.
Growth rate was reduced to 1.5mm/hr, one-half the earlier value.
Boule #560, Figure 52, was grown during this experiment. The
crystal weighed 105gnm.

Lower growth rate did not reduce the scatter in the material.
The scatter centers seem to be related to a second phase precipitate
in the matrix of KYF. Similar to boule #557, the density of scatter
sites in boule #560 increased as the crystal was pulled from the melt.
The top of the crystal was relatively clear; whereas the bottom was
opaque.

Growth Run IV

The next growth experiment examined the possibility of feed con-
tamination during processing. The hydrofluorination reactor was
tested for possible leaks during the process. Similar growth parame-
ters were employed as in the previous run, pull rate - 1.5mm/hr, and
rotation rate 30rpm. Boule #561 was grown during this run, Figure 53,
weighing 145gm.

Upon examination of boule #561, it was determined that this
material contained a large concentration of scatter sites. Feed con-
tamination during processing did not seem to be a factor. A leak in
the cooling circuit of the seed rod was discovered upon completion
of the test which leaves these results inconclusive as introduction
of water would result in oxygen contamination of the melt.
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GROWTH RUN V

Growth experiment IV, to examine possible contamination mechanism
during feed preparation, was run again. Due to the furnace leak dis-
covered, results of growth run IV were disregarded. The furnace was
repaired and leak tested thoroughly prior to this test. The same
growth parameters were employed for this growth run as used in the
previous runs. The results of the growth, boule 562, indicated there
was still a problem in the process as the matrix contained the cloudy
precipitate. Figure 54 exhibits boule #562.

Growth Run VI

Growth run V was performed in the automated growth furnace.
Growth data and results from previous runs could be compared to results
in a separate furnace. Contamination due to furnace leaks was elim=
inated. The furnace atmosphere was circulated and the oxygen potential
measured. Oxygen impurity levels were well below the Trppm level.
The melt composition was altered to grow from a stoichiometric batch,
25 mole % KF, 75 mole % YF3. Growth from a stoichiometric composi-
tion will eliminate the possibility of a sub-solidus precipitation
reaction similar to that observed in KTb3F10 grown from KF rich melts.
Contamination of the melt during processing was prevented by detailed
leak testing of the hydrofluorinating reactor and crystal furnace
components.

The observed precipitate was not affected by the modification
of the parameters discussed. Boule #567 is displayed in Figure 55.
The upper section of the crystal was clear, the precipitate concentra-
tion slowly increased, the bottom of the crystal was opaque. The
crystal appeared to contain a series of twin boundaries, at which
the precipitated phase concentrated. The characteristic was not
noted in earlier samples. A clear section 10mm x 10mm x 7 mm was cut
and polished to be used to measure the u.v. edge of KYF.
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Growth Run VII

The crystallization path was again the main interest in the
growth experiment. Feed prepared with excess YF3 was used for this
experiment. Boule #569 was pulled during this growth run, Figure 56.
Again the matrix of the crystal contained the precipitate. The high
concentration of twinning and preferential segregation of precipitates
to these areas was again noted, similar to Growth Run VI.

3.3.4 Zone Refining of KY3F]0

Zone refining experiments were performed to identify to a greater
detail the crystallization characteristics of KYF. Specifically, the
phase content of the charge and the solid state reactions was observed.

A 500 g charge of KY3F]0 melted in HF at Sanders was zone re-
fined in cm 18" long vitreous carbon boat. The experiments confirm
that KY3F10 is congruently melting. Even after extensive processing,
traces of a second phase remained in the charge. Other work
has indicated that the vitreous carbon boat may contribute impurities
to the charge. Zone refining was continued in a 20" Tong Pt boat
and there appears to have been an improvement in the quality of the
purified material. Further experiments will be needed to observe
the degree of purity obtained with this process.

113



SYILIWITTIW

e !

e]
Lo
Ll
oZ
=2
(&)
—
L

SYILIWITTIW




Ellllll’

O 0O N O U b W N—

-
Q

20

40

o4

THIS L|NE

D(l) NOT TYPE BEYOND

50

PUBLICATION NO

5

100% REPRO SINGLE SPAC? IBM SELECTRIC 12 PITCH

.

CLASSIFICATION

J

SA-00-791 (10-76)

PUBLICATION NOJ

4
11 [11

1
lLlllillJil

2 . - 3
TITIITIT
T .

5
I_JHL%IHH

HH]%JHH

6 7
Ill]l%llf[l

~Jj;ResyJis_‘

Sam

from™—boules

i _have_bee
—Theseme

ples. of clean,.
—ricated

$Tgrown” dur

‘homogenéo

S

)

ring

ingle_crystal
T§*$FU§F€MT”

T
|

_.Klﬁwhaye

wo relate

i been_fab-|

e e e e ]

mechanism

1_observed,*wh1ch haq re

ted.

73

| L
chanismsy o name]y‘stafter

nters

sTand clea

vaye,:hav

e apped

_i_n_l_o_w"_.yj_e_]-d_f_r-_o.m__g-r owth__runs.|
ed]

—sections?

cons1stenxly“1n,KXﬁ_cnysta1s_

ofthese

crystals.

L and
—Th

v.e._

ork]

in the later portior

oncentrated 1nn¢heﬁjower

v ofthe

__program.

”“tﬁrough growth éxperiments, ar

has._concent

rated_.on_c

ete

inge

1d 2

¥e

TNINg eXpe

the..nature_ of__these_defects

TFiments.

The scatte

__geniersusgem~jg_be*
—cooTing—=cycTles—Theprecipita

a_secondmphas

tio

atl
e'nds

has_precip
—toprocee

'd—i'n“'p'a‘r't'i

itated durx
‘ I

ing.the |
cular— ]

cﬁysiajjpgraph1c di

_CTG&VEQQ“"WhTCh“ca?SES“tYatkﬂ

rections

9

‘g

411705

PR

KlE_displdys octahed
<T++>“d1rectronsf——THE"fdrmat1

ral

L INE

oﬂ_a_prec

,inijlﬁﬂ;ﬁhgse;jjﬁﬁﬁﬁn;

ravating_ th

ificcyyst

e_cleange,iendengyk

rcTplaness

—as—the~reszt*of"Tnduded*stresS

alTographi

'_ PR -
FatTonss

in

growthwpa i

ame

ere—made—t:

1-3
alter—grag

wth—con=

e
¥
I

—variation

f _causes_for
s—investig

mat1on of

VLV

ate

f (0 1 uW"l'n'g“

-~

were—inclu

nters.
dedy——

DO NOT TYPE BEYOND

om‘"ummawna

-
(=}

20

on

30

growth:p

rameters,

feed proce

5 S i

e F-wars—

yrocesseda

A -
nd—uTtirmat

3
eyr

-8
-~ﬂnt0*srng

and_th

eS.,.

e_hardware i

lre—crystal

' following

conclusic

ns..can_be

mad

formation |

 sittes—as

-a—result—

Uﬁ—t&fs%stt

d-y o

ed to the

—°_ﬂ'

“he~scatter

—centers—i

-n—t

he—Ccrys

o+

s—areTy

elated—to

Fa—second—]

40

phase preci

Fhe—precipi

pitate

-tate—tends—to

gre

e L3 Ry
ate—rn—par

ticular——cr

ystallo=—]

raphic.dix

The—precipi

rections. (1

11) nd e

specially

along twin

boundarie!

tate—formatio

-eems

-to—ere&tg—¢ﬂ¢erna4—-

stresss

increasing.

Grow

-

o:w | m

hood lof ¢l

eavage

cracking

[the 1ikeli

recitpitate—formation—is

fife

actoed )

K-
eC ted—by-

50

otation

th Rate

Rat.n
IWQ VT

—

‘ot

cul-ation)

it —LOWF A1 IMIT FQH wm

ta] Furnac

54

lilHlIIHl

wmed Limit

LI

2

fuH FQL’QO‘(EVEN)

[

iﬂl‘HilIllIHJIHIH‘HHHHHIIH\I;LLILLILLLH]‘GWTTIW” ,"ﬂ;

RH FOLIO (ODD)]

|
100% REPRC S!NGLE SPACE iBM SELE@TH&C 12 PITCH

!



B

W o N L b Ww N

-
(=]

20

3u

40

50

b4

THIS L}

DO NOT YYPE BEYOND

o

PUBLICATION NO

100% REPRO SINGLE SPAC? 1BM SELECTRIC 12 PITCH

{

CLASSIFICATION

]

| RINIREE

]
lﬂ[l}lllll

4 5
,]Jllq1llH

SA-00-791 {10-76)

PUBLICATION NOJ

7

INEINEESAN N

{

?
llIIULTITTF

HIIL*LIHI

recipitat

ontamination

e.does.not

see b

- rn1afed

Lo—simpl.e—

) Xy-gen

t._S

recipitat

e__formatio

N0

ronaly_af
B - 4

fected_by.-n

toichiome

try”

nelt— |

——The]

"d'Y"'i’V'i"nfg' ~f1

orce~for—t

e

t"i;ofl'

o f these]

to_be_ re

A + .
aue to 1

n p‘U‘Y‘"i"t'y"C'O'

lated_to__ty

u.o_p.o_s.s_i_b_l_é;m_e.
ntent—in—thera

[o}]

P
nisms.

L The_f]

FscatterTs

i'tes appe

.rst__and_mg

ar
st_likely

*‘m'a"t'grﬁ'i'a‘]‘S‘ ‘r'e's'tlﬂ‘t'f'n'g"i'n’ a

second

|__phase_fo

-—t'e'n'd‘t"O'fr;‘e‘g'r“e‘g’a't’e"“

rmation_at.
to~the melt

 elevated

temp
L up

0'r—-Js'o;1"

~a!t\ux:é.s,..-_.._T.h.e...%.rﬁp.u.\r:j_t.y.._w,o Ul.d--probabl
dification and would explain |

__t_h_e_s_c_a_t_]i:,e_r__c_o.n,c“_e.n;_

trating.in

1
the lower|

Fwould—be
la be,

2
-hature,

—secondTalternative]
that i §§.9aasub-so1ji[ci.u.s_,p.

thvat

—th
g

le'“s“tja’c'o‘r‘l'd".»‘p‘ ha
! L

L section of crystals

The

“inTadefjined tempe

Fature rang

|

recipl

se

l 3
ation_reac

is intrimsic in-

tion_that

occurs

CERYVIRS

[pOSS ibTe

0 QUENCH

_samples_-

and_not_de

velop_the

has

case.

[

P>

mall

1
8Co0.

e_in_this

DO NOT TYPE BEYOND THIS LINE

LOWHBR LIMIL B4 1 E7 Y

" CEFITITII

IERRANER!

1

[L FoLiO (EVEN)

.

c::;—j';“*.;:“‘l _-

saannsEnannnnnninn nanan il AR A RN RN eRNeRNaanunnnnnNAN
2 3 ks a 5 5 7

RH FOLIO (ODD)|

i .
1009 REPRO SINGLE SPACE 1BM SELECTRIC 12 PITCH

© 0 N OBh WA -

-
[=]

y

20

30

40

50

I Imiy



—

100% REPRO SINGLE SPACE IBM SELECTRIC 12 PITCH

SA-00-791 (10-76)

PUBLICATION NO [ CLASS!F]C‘ATION _l PUBLICAT'ONNO.‘
o— 1 2 3 | 4 . S 6 7
ENENERAS AR NN SRR AEREEERNIN IR S SN EEREE NN RN R R RN R HH]]II_LLJ_1
Tt | _ 1 . L . _ - b —,
—_— ——— 3
- a

‘l

——3+4—Process=Improvements

The purity level of materials treated in Sanders'

o

hydrofluorin-

ation system has improved by further optimizing process parameters.
The improvements in the reaction cycle for processing has also
reduced the furnace .time for each batch from 48 to 24 hours.

The hydrofluorination system consists of a platinum lined
ceramic tube,. sealed at each end-with.teflon caps, situated in a

- Kanthal coil heated furnace..

The feed is usually purchased as

either oxide or carbonate powder and converted to ‘the fluoride at
a temperature below the melting point, using f]owing anhydrous

hydrogen fluoride gas. p
melted under hydrogen fluoride in the cycle to complete jconversdion/

and reduce the bulk surface volume of the batch.

The converted fluoride powder is then

The powders are

placed. in -a rectangular platinum crucible, which in turn is placed
on a graphite sagger._ .-The graphite sagger prevents possible welding
of the platinum.crucible to the platinum tube. ‘ '

¢

Surface contamination of melts has been a. continuous problem

in crystal growth.

‘Surface examination of sample melts by Augér

spectroscopy, made-during this program, identified the con-

taminants primarily-as a mixture of carbon and oxides.

Carbon

contamination probably occurs during the hydrofluorination process,

in which-the reaction by-product,

sagger.

steam, attacks the graphite

Rare'earth»oxideé react with hydrogen fluoride in the

following manner:

Re20

3 .

+

6HF ->2ReF

3

+ 3H20.

The by-product, water vapor, will attack the graphite sagger.
Two approaches have been taken to reduce and eventually eliminate
the attack on graphite. The initial action was to deposit a..

aiitin]
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thin,layer of'pyro1ytiehgrabhitehonta‘the'graphite‘saggerSu' The
anisotropic<coatingvacts.aé a kinetﬁc barrier to reduce the .

.. rate of attack. ThexreaCtion1temberathres;have also been »
lowered to .reduce the-actﬁvttyaof-the‘water by-product. The majority
of the'reaction'ususa]ly'oceurred'at 1200°C‘;e1ose'to the melting 4
pofntfof most rare earths . ~The- react1on temperature ‘was. reduced to.
700°C to prevent the ‘attack and the react1on time was- extended to-
48 hours. Both: parameter changes- have ‘reduced the carbon contam1nant
produced by ‘the- f1uor1nat1on reaction. ‘Furnace cyc]e tr1a1s were
then. run, emp1oy1ng the mass flow meter and f]ow ‘controller. purchased® '
on -this contract, to-optimize-the cycle time. G1ven.the”amount.of
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Synthesis -of Europium Difluoride

Europium trifluoride obtained from Research Chemjcals was
hydrofluorinated.at 750°C in an Inconel.reactor prior to.reduction.
Solid EuF

was reduced to Equ with hydrogen according to the
reaction: '

3

— Euf

| “EufF, + H

| 3 + 1/2 HF

2 2

!v ', The charge was contained in a vitreous carbon boat in the
same apparatus as was used for hydrofluorination. In the first
~experiments, forming gas, argon - 5% hydrogen, was the -reductant.
At 800°C, very little reaction took place over a several hour period.
1;,‘Hhén the reduction was carried out at 1000°C, however, the yield of °
e ';lEuF2 ro;evto'about 50% for about a four and‘a,ha]f hour reaction time.

R = S

E A third reduction of the same charge was carried out in pure }

!
~ )

hydrogen at 1000%, resulting in about an 80% yield of EuF2 as

i judged from the x-ray powder pattern. Some sintering occurred during
the hydrogen reduction process, wWwhich may have prevented complete '
reaction of EuF3 with hydrogen to form EuF2.

} Experiments involving reduction of molten LiF-EuF3 with
hydrogen were conducted in order to develop a means of avoiding a
sluggish solid state reaction. A molten mixture of 50 mole % LiF,

50 mole % EuF3 was treated in hydrogen at 1000°C for about three hours.
The unreduced mixture melts at about 700°C and it is felt that the -
fully reduced mixture should melt in the vicinity of 900°%c. Assay -

by weight loss of the product of this reduction experiment indicated

only a -36% yield of Eu’’.

! The x-ray powder pattern of the material
;J» shows the presehce of EuF3, as well as of Equ, and suggested a
: similar ratio. Brown crystals were also isolated from the frozen

!
} melt, which are probably an Equ-EuF3 solid solution. It has not yet

been determined whether incomplete reduction is simply a result of
;[; too short a reaction time or whether formation of EuF2 raised the

3 .+

| .

{j,a melting_point of the system to above 1000°C thus causing solidification.

ta - T —
AR . . . .. - an e ¥ - . . .
N . SOt 1130 = % o
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There is no question about the ability of hydrogen to reduce
| to Eu2+. The problems encountered here are undoubtedly due to
' kinetic factors and can be solved either through longer reduction
L_& _ times or highgr temperatures, or both.

Eu3+

.- — - - - - - - ——————— . e . - e . —— -

'Crystal Growth of EuF,
Using the feed prepared by hydrogen reduction of solid EuF3,
crystal growth runs were carried out from Equ, EuF2 containing 10
mole % Mng, and EuF2 containing 50 mole % LiF. Crystallization in
the unfluxed Equ
1570°C. A brown, non-cubic, EuF, solid solution was obtained. The
powder pattern indicates some distortionifrom cubic Eufz, but

run was nucleated on a platinum wire at about

‘“fUrther characterization was not possible. If crystal growth is to
be carried out from the stoichiometric melt, a significantly more

o e ——— e o m r—

pure EuF2 will be required.

Flux growth of Equ can assist by diminishing the various
problems presented by growth from the stoichiometric melt. For one,
temperatures will be lower, and possibly incorporation in the
crystal of EuF3 will also be diminished as a result of the lower
' temperatures. Divalent europium is chemically similar to barium;

i therefore, initial choices of flux were made on the basis of published
 barium fluoride phase diagrams, with MgF2 and LiF as the two initial
. flux choices. Small amounts of Mng greatly lower the melting point

' of Ban.

— e e bt ¢ e g e

, A secaond crystal growth experiment was carried out using the
lEqu prepared by solid state reduction of EuF3 fluxed with 10 mole %
' MgFZ;-again nucleated on.a platinum wire, but at 12759C, three .
 hundred degrees lower than in the unfluxed system. Failure of the

l control thermocouple, however, imposed a premature end to this

| experiment. A small piece of crystalline material was recovered and

- ——— -4

-~

" found to be brown_and non-cugic. e
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This and the previous melt was opaque at the respective
crystal'growth temperatures, a factor which works against growth of
good quality crystals. Radiation from the melt surface changes the
thermal condition of the melt such that the crystal melt interface
becomes concave, introducing problems ranging from grown-in strain
to difficulty in control of the crystal diameter. The concavity
can be lessened, and even reversad, by decreasing the rotation rate
at which ‘the crystal is grown. However, -in these experiments, a
rotation rate of 10 rpm was still not sufficient to effect this
reversal. It was felt, then, that an even lower melting point system
s@qg]@ bE sogght_ouﬁ;

- - - - - —— - —_— — - —

h,

|

Proaect1ng from the Ban-L1F system, L1F should 1ower
significantly the melting point of Equ An additional interesting
and potent1a11y very useful feature of the LiF- EuF2 system is the
possibility of the existence of L1EuF3, which, if similar to the

ibarium compound, will be cubic and inconghdent]y-melting. Growth

!of this hypothetical Ll'EuF3
'purifying EuF2 with respect to trivalent europium. This compound
may be interesting itself, or, in incongruently,melting, could be
frecrystallized to yield a high purity Equ. For a third crystal

should provide an excellent means of

growth experiment, a melt containing 50 mole % LiF was prepared,

lusing EuF2 prepared by hydrogen reduction and neglecting the EuF3
icontent. This mixture melted at around 1050%C, and crystal growth
fwas grown and was found again to be an EuF2 solid solution. The
‘materia] is still non-cubic, but the splittings shown in the x-ray
'diffraction pattern are smaller than for the crystal obtained from
jthe pure and magnesium fluxed experiments. The material remaining
in the crucible after removal of the small crystal was examined

by x-ray diffraction and found to contain, in addition to this
'Equ solid-solution, a small amount of LiEuF4. So far the presence
iof LiEuF3 has ngt been detected in either this preparation or in

the LiF—EuF3 ‘melt directly reduced by hydrqgen. Use of an LiF flux
appears quite promising, but proper evaluatjon will have to await

ithe preparation of a comp]ete]y reduced meﬁt

|
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