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SECTION I , 

-

INTRODUCTION 
-

Cesium dideuteri um arsenate , Cs (DxH1...x) 2Aso4, is a solid—
solution compound of C5D2A O 4 and CsH2AsO4. The value of x
depends on the initial deuteration level in the crystal growth
solution and on the crystal growth parameters. Previous work
has shown that the composition Cs (D0 856H 0 144) 2AsO4 can ber obtained from solutions containing an initial deu1~eration of 93
mole % (ReIs. 1, 2) .  For purposes of this report, the composi-
tional formula is given as CsD2AsO4 - which will be considered
an approximation . —

While CsD2A5O4 holds great promise for high-power, second har-
monic generation (SHG) , the optimization of crystal quality ,
properties , and size has not been achieved (Refs. 1-5) . The
major difficulty in the growth of single—crystal C5D2AsO4 has
been the lack of data on the solution chemistry of the growth
system.

In a final report of a previous program, the specific problems
associated with the growth of CsD2AsO4 are detailed, and pre-
liminary data indicated that a suitable solvent system appeared
to be D20—glycol (Ref. 1). The problems encountered in the
crystal growth of CsD2AsO4 from D20 were: flawing, tapering,
edge and corner growth, and irregular changes in solubility.
All of these problems should be controllable by suitable adjust-
ments of the supersaturation in the growing solution, and, to a
large extent, they had been minimized by use of the mixed solvent
D20— (CH2 ) 2 (OD ) 2 at the 70/30 ratio . One problem that was not
described in the above report was the availability of large
quality , seed crystals. For example , an SHG crystal with a clear
aperture of 1.5 x 1.5 cm and a length of 2.5 cm would require an
initial seed plate with dimensions 3.5 x 3.5 cm. However, this
plate is larger than mat•ria l presently available or known to
exist .

1

.5.
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The goals of the present program were: to investigate variations
in solution—growth parameters in order to determine a set of
optimum conditions for the repeatable growth of large, highly
deuterated , low—optical-loss C5D2MO 4 crystals; and to charac-
ten se and deliver sample crystals. This was accomplished by a
systematic evaluation of the changes in solution chemistry of
the compound and of th. effects of growth parame ters . During the
program, data were obtained at various mixed—solvent ratios in
order to determine feasibility of CsD2AsO4 growth, and the
crystals were cha ract rized with re spect to optical abso rption
and deuteration l vels.

I‘- I S
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SECTION II
PHYSICAL M~D CHEMICAL PROPERTIES OF C5D2AaO4

2.]. Crystali.,grsphic Data

Cesium dideutenium arsenate (CsD3AsO4) belongs to the tetragonal
system, space group xT2d, and has a tetramolecular unit cell.
Other crystals which are m.mbsrs of this class are KH 2PO4,
RbH2AsO4, NH4H2PO4 and XH2A5O4. Table 1 lists the lattice

TA3LE 1: Lattice parameters for Cs (D
~

Hi~~
) 2~~

04 (Powder Data).

Cs(D0 8 60014
)

2Aa04 Cs(D
0 056

H
0 144) 2Ae04

a 7.985 + 0.004 A 7.982 + 0.005 A0 — —

c 7.896 4 0.004 A 7.888 + 0.005 A
3.634 g/cs

3 3.643. g/ca3

Space Group 142d 142d
Reference present work Ref. 1

parameters representative of CsD2AsO4 prepared during this
study and compares them with previously published values. The
data were obtained at 22°C.

It should be noted that the lattice parameters for CsH2A5O4 are
nearly identical to those for the deuterated crystal:
a0 — 7.98 and c0 — 7.87 A with d

~ 
— 3.62 g/cm3 (Ref. 6). The

indexed powder diffraction pattern for Cs CD0 86E0 14~ 2
AsO4 is

illustrated in Figure 1. The source radiation was Ni filtered
Cu at 40 kV and 30 mA. The eight strongest lines are listed in
Table 2. The systematic absences are consistent with the space
group I42d .

A computer print—out of all. indexed lines is given in Appendix
A. The values of the listed r.ciprocal lattice parameters
represent the best values as determined up to the particular
line. Thus , for .xampl., for the line beginning with “512
1 4556_ “ , AC — 0.19297 and CC — 0.19514 wsre determined
from observational equations using the data from the prec.ding

3
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TABLE 2: Powder X-ray lines for Cs(D0 8 6E0~~ )3Aa04.

- 
_ _ Line Mlativs

- , 

_L_. ~~~~~~~~~~~~~~~~~~~~ 
xntemsity IedSX

- 1 3.2329 100 112
2 2.1266 86 312
3 3.9923 61 200

4 4 1.4556 35 512
5 2.8215 31 220
6 1.7694 29 204

7 1.6990 25 332
8 1.3241 23 424

19 indexed lines. Lines with asterisks could not be indexsd on
the basis of the assumed cell , and imposed analytic
constraints. The unindexed lines are weak lines , four of these
are actually beta lines.

The structure and lattice parameters for single—crystal
Cs (D0 86B0 14) 2As04 were also determined on the Buerger
precessiOn camera. Figure 2 is a set of full precession photos
taken with Mo radiation at 50 ky, 35 mA at 22’C. The
intensities and systematic absences of the diffraction spots
show that the crystal belongs to the t.tragonal system with
space group L~ 2d. The lattice parameters calculated from this
data are a0 — 7.984 + 0.005 

~~
, c~ — 7,099 + 0.005 and ar , in

excellent agreement with the powd.r values. -

Table 3 compares the lattice parameters of CsD2ASO4 with other
members of the KH2PO4 family. In g.n.ral , the lattice
parameters slightly increase on d ut.ration with th. exception
of the Cs salt. Two points relevant to ths crystal growth
problem can be assumed . First , the n.gligibl. diff.ranc. in
lattice paramst.rs between C5H2A5O4 and CsD2AsO4 would indica te
the former could be used as s~.d material • S.cond , th. only
other crystal which may be utilized as a sa.d would be
RbH2AsO4 (or RbD2AsO4) • The differences in lattice paraast•rs

- S
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Figure 2: Precession photos taken with Mo radiation
at 50 kV, 35 mA at 22 C.
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TABLE 3; Lattice paramst.rs of 
~~2~~4 family (PSi . 7).

Te~~erature
Crystal A0 (A) C0 (A) C

7.4529 ± .0002 6.9751 + .0006 25’

7.4697 ~ .0003 6.9766 + .0005 25’
RbH2PO4 

7.608 + .008 7.296 + .008 —-
mi4H2p04 7.4991 + .0004 7.5493 ± .0012 20’

ND4D2PO4’ 7.5193 ± .0009 7.5400 + .0019 20°

~~~2~
h10

4 
7.6295 + .0006 7.1605 + .0008 25’

• 
~~2~~

04 7.6410 + .0010 7.1636 
± 

.0009 25’

~~~2AbO4 7.7933 
~~. 
.0005 7.4671 

± 
.0005 25’

7.8063 + .0007 7.4674 
± 

0.0010 25°
Cs02As04 7.9852 + .0004 7.8928 ± 

.0003 25’
Cs (D

0 9 6
H014 ) 2ksC~ 7.985 t .004 7.896 ± 0.004 22’

mI4H2AsO4 7.6944 + 0004 7.720 + .002 25’

* deuteration levels unkno~m.

S

between the Rb and Cs salts are about 0.2 A. It was found (see
Par. 5.2) that C5H2A5O4 could be used as seed material for the
growth of C5D2ACO4 but RbH2AsO4 resulted in d.ndritic growth.
Therefore , the difference in lattice parameters (0.2 A) exceeds
some maximum value required for suitable crystal growth. Sub-
sequently , it was determined that solid solutions of C5D2A5O4
and RbH2AsO4 do not exist over the entire composition range.
According to the phase diagram this explains the formation of
dendritic growth and the partial dissolution of Rb02As04.

2.2 Synthesis of CsDtsO t

Table 4 lists the raw materials and impurity levels used for
the synthesis of CsD3AsO4.

Two sources of arsenic were initially used to prepare
deuterated arsenic acid . The use of H5M3010 was unsuitable
due to the high impurity levels in the material available;
subsequent work utilized As205. Aqueous solutions of both

7
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As205 and C52CO3 were prepared by reacting stoichiometric
quantities with D20. Great care was taken to use only slight
excesses of D20 above that required for stoichiometry.

TABLE 4: Raw material iWurity levels (Ppm )

Element C52CO3 A8205* B5Ae3O10* ~~~

Li <0.5 -- -- -
Na 2.9 —- —— 2
X 2.6 -- -- --
Rb 45 —— —-
Ca <0.5 —— 10 <0.5
Mg <0.5 —— 10 <0.3
Sr <1.0 - —— —— ——

Ba <10.0 —- -— —-
Al 8 —— —— 1
Fe 0.3 <1 10- 0.5
Cr <0.1 —— -— <0.1 t
Bi —— —— 10 ——
B —- —- -- <0.1
Ni —— —— —— <0.5
Cu -- -— 10 -—
Sb -

~~ <10 100 ——
Mn <1.0 —- -— 0.1
Pb -- <10 100 ——
S <5 —— -- ——
P <0.5 -- -— --S

Si 1.3 —— 100 5
Ti —- —— 100 <0.1

-- not detected
- 

* Vendor supplied analysis: 
-- Cs~C0,~ : Supplied by Apache Chemical Co. ,

Seward, Illinois
M205 : Supplied by Apache Chemical Co. ,

Seward, Illinois
D20 : Supplied by U.S. Atomic Energy Comm.
05As3010

: Supplied by C.r.c/Pure Inc., Butler, Wis.

High-purity, nitrogen flushes were employed during
preparation in order to minimize deuterium-hydrogen exchange
with the atmosphere . The basic reaction for the synthesis of
CsD2hsO4 iss

Cs2Co3(~q•) +aD3Mo4 (~q•) :D2O+2CsD2Aso4( aq.) +~o~ - (1)

S
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- The two reactants were slowly mixed at 60°C, and the resultant
-

- solution cooled to room temperature~ Due to the extreasly high
solubility of C5D2AsO4 in D20, vacuum distillation was used to

- further precipitate C5D2A5O4 from solution . All crystalline
C5D2AsO4 employed in saturation point adjustments was re~
crystallized twice.

All solutions used for crystal growth were filtered hot (l5’C
above saturation) through a 0.6 urn teflon aillipore filtration

p45 system under a nitrogen atmosphere . Th. filtered solutions
were loaded directly into the crystallizers (

~~~ diately after
filtration.

Compositional analysis for Cs and As in the starting materials
indicated the need for drying C~ 2C03 and C D 2A O 4 before
measurements were per formed. For example , the theoretical
weight fraction of Cs present in Cs3CO3 is 73.43%. A chemical
analysis of the carbonate yielded a value of 80.23% prior to
drying and a value of 73.10% after drying. In the case of

I CsD2AsO4, the values for Cs and As before and after drying were- Cs: 48.6 and. 48.4% (theory : 48.2% ) and As: 25.9% and 27.2%
(theory : 27.2% ) .
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SECTION III
THE CsD2AsO4 - D20 SYSTEMS

3.1 Phase Stability

CsD2AsO4 was found to be one stable crystalline phase in the
ternary system Cs20—A8205-D20 at 25°C over the pH range 3 to 9
(Ref. 1). To further study the solution properties of the
CsD2AsO4-D20 system, a titration curve of D3AsO4 with C52CO3
was prepared. The pH range over which CsD2ASO4 exists in
solution was determined. Figure 3 illustrates the data. The
range of pH over which CsD2AsO4 can be formed extends from
pH 3 to 8.5 at 22°C. Adjustment of growth solutions to pH
values outside this range will result in second phase pre-
cipitation. Below pH 3, one can expect a mixture of
CeD2A5O4 and D3AsO4, and above pH 8.5, C5D2AsO4 and C52DAsQ4
mixtures. The stoichiometric pH for the system occurs at

p11 4.85.

3.2 Solubility

The solubility curve of CsD2AsO4 in D20 was examined and f ound
to be in agreement with that previously reported (Ref. 1).
Only three points were checked; agreement with within 10%.

10
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SECTION IV
THE C5D2AsO4 - MIXED SOLVENT SYSTEMS —

4.1 Phase Stability -~ -

All of the mixed solvent systems produced crystals which were
found to be tetragonal by X— ray powder diffraction analysis.
The diffraction patterns matched the standard CsD2AsO4 pattern
given in Section 2.~ Microscopic examination of the resultant
growth habit ‘of the ~obtained crystals shows that the tetragonal
habit does not occuz~ at solvent ratios containing >80 wt % -~ -

glycol. Crystals formed at these ratios had a cubic habit and ~
- 

-

were extremely deliquescent. Isolation of these crystals was
not possible . Figure 4 illustrates these crystals. This

- • 

t _

H

Figure 4: Unknown phase
crystallized from 20:80
CD O :glycol) ratio.
(M~ g. 20X) -

N
.5

suggests that solvent ratios on the high glycol side will nOt
be viable crystal-growth media for C5D2A5O4. Figures 5 and 6
illustrate the morphology of crystals formed from other ratios
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(a) 100 D20 (b) 70 Glycol—3O D20

C c) 30 Glycol-70 D20

Figure 5: Mo rphology of CsD 2AsO 4 .
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of D20—CH3OH and D •0-glyool . These crystals were formed under
static growth conditions on the bottom of the containing vessels.
The solutions were saturated at 50°C with crystalline c.D2Aso4and the pH adjusted to 5.0. The rate of temperature decrease was
1°/day over a two week period. The photographs are magnified
approximately seven times. It is apparent that the normal
tatragona]. habit, taper-free, is only obtained from pure D20
(Fig. 5a) -. The {].Ol} faces are perfectly formed and (lOO} prism
faces show no evidence of tapering. This would suggest that
crystal growth under static conditions (zero rotation) should
result in taper free boules • Full scale growth experiments did
not support this speculation . The crystal morphology in both
the glycol-D20 and methanol—D20 systems exhibited severe tapering
and abnormal {lOl} pyramid faces.

4.2 Solubility

The solubilities of CsD2A5O4 in methanol, ethanol , and glycol
(CH3OH; C2H5OH; (cE2)2(OH)2] and various mixtures with D20 were
determined . Initially, H20 was used and the data is directly
related to the D20 case except that the solubility of CsD2AsO4 is
about 25% higher . Ethanol and 020 are completely miscible ,
(except that when C5D2MO4 is added it caused two liquid phases
to separate at room temperature (22°C) saturation). This mixed
solvent system is not viable in the volume ratios 50:50, 80:20
and 20:80 (H20/C205oH) . Increasing the temperature of these
ratios had no effect on the system -- two liquid phases were
still observed . The two-phase behavior of the CsD2MO4-C20500-020
system was not expected and this behavior is unexplained.

The substitution of asthanol (C1301) for ethanol as a component
in a mixed solvent system was exaMi ned at six ratios . The ratios
(D20/C8300) of 50:50 and 40:60 Ltd not separate into two liquid
phases upon addition of CsD3A O 4, but spontaneous nucleation

} 
occurred on th. container walls dUring cooling such that con-
trolled crystal growth is unlikely. Crystallization of material
from this solvent system indicated that this mixture was an

15
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unsuitable solvent. Table 5 lists the solubility of CsD 2ASO4
in the D20/CH3OH solvent at 22°C for various ratios. Comparison
of this data with that of the D20/(CH2)2(OH)2 system previously

PABLE 5: System CsD2MO4 - D20-C8300 8 22°C

Solvent Ratio Solubility of
D20/C5300 CsD2AsO4

Volume % Weight S g/l00 g

90:10 92:8 132
80:20 83:17 110
70:30 75:25 106

60:40 66:34 77

reported indicates the higher D20/cH300 ratios may be a viable

growing medium for C5D2A5O4 (Ref. 1). A plot of the solubility

of CsD2AsO4 as a function of solvent ratio (at 22°C) is shown in

Figure 7, for both the D20/CH300 and 020/ 
~~~~ 2

(011)2 mixed solvents.

The data points for the methano]J system show that at any specific
ratio, the solubility of CsD2Asd4 is reduced considerably. Suit-

able growth media could possibly exist in this system.

The solubility of C5D2AeO4 in the D20/
(C02)2(OD)2 mixed solvent

system is shown in Table 6. This data was obtained over the

temperature range 26°C to 57°C at pH 4.8. Considerable

TABLE 6: Solubility data for CsD2MO4 in v~rioue
020: 

~~~~ 2 (OD) 2 solvent ratios (g/lOO g solvent) .

Solvent
Camposition Temperature 

- 

(°C)
(D20:C

2H4
(OD) 2 57° 52° 46° 42° 360 310 260

100:0 — 310 268 283 260 270 252
70 :30kg 277 309 266 271 282 249 245
70:308 274 298 266 248 281 252 249
50:50k 202 230 183 203 — 187 182

50:508 212 224 211 200 — 149 181
30:70k 242 265 246 236 — 222 215
30:708 244 264 245 235 222 220 215 - 

-

*A, S denote duplicate samples measured.
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difficulty was encountered in measuring the solubility, and a
standard procedure had to be developed.

Solubility measurements were made by placing 60 ml of each
solvent ratio in a 125 ml Er].enmeyer flask containing an excess
of CsD2AsO4. The flasks were stoppered, placed in a heated
shaker bath at -57°C, and shaken at 100 cycles per minute for 24
hours. Temperature control of the bath was constant to 

± 
0.2°C.

Each day, a 5 ml sample was removed from each flask , and the tern-
perature of the bath lowered 5°C The sample was withdrawn by
means of a heated pipette, placed in a 55 mm glass Petri dish,
and weighed. The dish was then placed in a stainless—steel,
vacuum drying oven and heated to 180°C for 4 hours with the oven
door open . Most of the solvent evaporated during this time. - The
temperature of the oven was then lowered to 120°C, the oven door
closed, and the oven chamber slowly evacuated over a period of 2
hours. The sample was held at 120°C for 16 hours under a vacuum
of 760 torr. The oven was then cooled under vacuum to room tem-
perature and the vacuum released. The sample was then removed
from the oven and weighed. Two important observations were made ~ -

~

during the development of the procedure detailed above. First,

CsD2A5O4 decomposes under vacuum at 180°C, and, second, 
if a full

vacuum (760 torr) is quickly applied to the sample, the rapid

outgassing causes a loss of solid from the dish and introduces a

large error in the solubility determinations.

From the measurements shown in Table 6, it is apparent that con- - 
-

sidersble scatter still exists in the data points. This scatter

could be a result of non-equilibrium conditions existing at the

time the test samples were removed f rom the flasks. Experiments

repeated over 24, 48, 72, and 96 hour intervals at constant tern—

perature showed equilibrium was not attained in all of the various

solvent ratios at the same time. The data also indicates that

equilibrium is attained at a slower rate at high (CH2)2(OD)2 con-

centrations. This is probably due to an increase in viscosity of

the solvent system. Measurements on duplicate samples (A, B,

Table 6) show a reproducibility of >95%. It is evident that the
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aquisition of a meaningful set of solubility data requires that
the data be obtained over an extended period of time,

The solubility data obtained resulted in a surprising
observation. Figure 8 illustrates the data obtained in terms
of solute-to—solvent mole ratio and solvent composition.
From this figure it can be seen that the number of moles of —

solvent per mole of C5D2AsO4 as a function of solvent ratio
remains a constant ( 5.5) up to about 15 weight % D20. At
this point, the curve increases rapidly. This is also the
point where tetragonal CsD2AsO4 fails to crystallize and cubic
crystals of unknown composition are obtained . It is evident that
the use of D20- (CH2 ) 2 (OD) 2 as a mixed solvent system for the purpose
of decreasing the degree of association in the crystallizing
solution is not feasible. Part of the rationale of using a mixed

solvent system to reduce the solubility of CsD2AsO4 was to effec-
tivel.y decrease the degree of association in the crystallizing

I solution. This would result in an increase in the number of
solvent molecules and in the completion of the primary hydration
(solution) sphere around the C5D2AsO4 molecules.

An initial survey of possible new solvents for CsD2AsO4 based on
solvent dielectric properties was completed . The results are
summarized in Table 7. In all cases where a measurable solubility
was observed , the appearance of multiple crystalline phases was
detected. The possibility of identifying a pure suitable sub-
stitute solvent for CsD2A5O4, where only the required tetragonal.
phase crystallizes, appears to be remote.
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TABLE 7: Sumeary of solvent survey (25°C)

Dielectric
Constant

Solvent at 25C Observations *

Methanol 33 N, SS

Ethanol 24 M, I
2—Propanol 18 N, I

l,4Dioxane 2 I
- 

~~~
. fthylene Glycol -- N, 33.59/1009

Acetonitrile 36 N, ) lOg/b Og

?orm~ tide 109 K, ~~ lOg/lOOg

Pyridine 12 I

Carbon Tetrachloride 2 I

Carbon Disuifids — U, I
B Diethyl Ether 4 I

Tetrahydrofuran 7 K, > lOg/ lOOg

Benzene 2 I
Toluene 2 I

0-Xyl.ne -- I

* I insoluble ‘C 2g/bOOg solvent
ss — sl&ghtly soluble ‘C lOg/b O g  solvent

N — mixed phases
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SECTION V
CRYSTAL GROWTH EXPERIMENTS

5.1 Preparation of Seed Materials

L~, ~~~~~ . area seed plates (2.5 cm) 2 of CsD2AsO4 are unavailable.
The largest crystals known were produced under a previous Govern—
ment program (Ref. 1). Some of these crystals were furnished by
Dr. Fred Quelle, of the Office of Naval Research, Boston, through
Mr. Michael Heil of the Air Force Avionics Laboratory. Unfortunately

only small flawless seed plates (1.5 cm)2 could be salvaged from
these highly flawed crystals. Larger seed plates (-2.5 cm)2

containing twins and numerous flaws were also fabricated from the

remaining material.

In all the crystal growth runs , only Z—plates or capped boules
were used except for one run made with a boule whose caps had
been fabricated into 45° faces. The plates or caps were mounted
in either of the two seed holders shown in Figure 9. The differ-
ences in growth behavior will be discussed in the following
sections. Usually only one crystal was mounted in the crystal-
lizer during a run . 
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Another possible source of seed material for CsD2AsO4 growth is
to use a crystal. of similar structure . Based on the X -ray data
available for the lattice parameters of other members of the
tetragonal KB2PO4 family, only two materials had a minimum

ï lattice mismatch with CsD2AsO4. These were RbH 2AsO4 and
C8H2AsO4. In f act , the lattice mismatch between CsH2AsO4 and
CBD2ABQ4 is less than one part in a hundred . The largest
commercially available Z-plates (20 x 20 mm) of both materials
were purchased.

An important consideration in the growth of CsD2A.04 is the
method used to hold the seed crystal. It is evident from data
previously taken, that mounting of the seed plate with the
Z—axis in a parallel position to the axis of rotation is un-
desirable (Ref. 1). All seed plates were mounted so that the
{lol} type faces were perpendicular to the liquid flow caused
by the rotation of the seed holder. In this case, the Z-axis
is at right angles to the axis of rotation and results in a
more uniform transport of growth media to the growing crystal—
lographic faces. A consequence of this condition is a uniform
growth rate.

There are two methods of seed attachment used in the preferred
technique. The first is to drill four holes in the seed plate
and subsequently fasten the plate to the seed holder using
Teflon pins (Fig. 9b) . These holes are prepared by use of a
water drill and cause no strain to the seed . D20 is used in
place of water. The second method is to secure the seed plate
by use of a thumb screw, with the top of the seed plate inserted
into a bevel at the top of the holder (Fig . 9a) . Both methods
are schematically illustrated in Figure 9.

The latter method is routinely used in the growth of many

• solution grown crystals, such as XDP. It has one disadvantage
in that th. pressure required to hold the seed plat. in place
has a tendency to initiate X-Y growth at th. points of contact
of seed and holder . This always results in strain d areas in
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the crystals. The crystals also tend to grow over these points
of contact , causing considerable difficulty in removal of the
grown boule f rom the holder . The method of inserting four pins
to support the seed plate is a modification of Holden ’s original
spider configuration (Ref. 8). It has the distinct advantages
of resulting in minimum strain to the seed plate during growth,
and ease of boule removal, after growth. The only disadvantage
of the method is that a considerable level of skill on the
crystal grower’s part is required to achieve equilibrium as
quickly as possible in order to prevent excessive dissolution
around the pins, thus causing the seed plate to fall out. This
method was used in the present program for the bulk of the growth
runs. The former method was used only when seed plates of suf-
ficient thickness were not available.

The surface of the seed plates used for growth were D20-polished
on felt. When seed caps were employed, no mechanical work was
performed on the capped surface. As previously reported , (Ref. 1),
no multiple twin growth resulted when perfect seed caps were
used but almost all seed plates exhibited irregular growth and
in many cases , the pyramid cap never formed. This can be at~ri-
buted to the poor initial seed plate quality (i.e., voids, veils,
etc.). It is obvious that a major problem in the growth of
CsD2AsO4 is the lack of high quality seed material. -

5.2 Crystal Growth

The following growth data were tabulated for each crystal growth

run :

. Run No. and solution prep . ref.
• pH (initial and final)
Solution volume

-: • Saturation temperature
• Rotation rate
• Seed dimensions (before and after)
‘AT
• Total weight d posited
• g / C

• g/liter solution -

• Photograph of crystal -
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• Seed plate orientation
• Rate of temperature lowering
• Solution and crystal deuteration

Table 8 contains a compilation of selected parameters for the
runs made during the program. The run number gives the actual
chronological order in which the runs were performed. The pH
of the solutions were read at 2 0 C  using reference buffers for
calibration of the meter . The accuracy of the recorded pH was

( I  

± 
0.002 units. The saturation temperatures of each run were

determined by suspending a seed of CsD2AsO4 in the solution and
viewing the concentration currents emanating from the seed
through an optical system. The precision of this method i~
± 

0.1°C. Seed dimensions were measured with a vernier
(± 0.005 nun) . A number of specific crystal growth runs have
been selected to illustrate the difficulties involved in the
growth of C5D2AsO4 crystals and are discussed below.

9 5.2.1 The Capping Process

One of the characteristics of CsD2AsO4 growth, common to all
the KH2PO4 type crystals, is the process known as capping.
The basic process consists of the development of (101) faces
on a 0.1 plate. Figure 10 illustrates schematically the
typical morphology of tetragonal C5D2AsO4 crystals and the

I
~ t.s’i

/  ‘( F igure 10: Morphology of
I I ‘\ tetragonal d O  AsO crystals
I (*) and ta per 5~91a ($f for
I crystals of t.tragona l
I , symmetry .

II’S) —
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phenomenon of tapering - which is a serious problem in CsD2AsO4crystal growth. The capping process is shown in Figure 11 and
12. In Figure 11 (a) a flat 001 plate mounted in the seed
holder has begun to grow. On a macroscopic scale, one can
observe that growth is rapid in the I di rection , with small
individual pyramids forming, which ideally, will subsequently
cohere to form the main growth pyramid. The mechanism involved
in the capping process has not been explained but , empirically,
can be related to formation of natural growth facets of low
index and low surface energy (Ref . 10) . This natural growth
habit normally results in high quality crystal growth, except in
the case of CSD2AsO4, an additional set of facets (301) develop
which result in the taper angle . In subsequent steps (b) and
Cc), the macroscopic pyramids slowly form a completed cap. From
these photographs , the crystal appears to be highly twinned, but
after complete capping (e, f)  clear single crystal growth is
observed. The figures also indicate that tapering is initiated
4~~ ediat.ly at the start of growth Cb) and that no X—Y growth,
needed for development of seed cross section , is observed . The
latter point was true for all growth runs made during this
program.

The effect of the seed holder on the capping process is also
illustrated in Figures 11 and 12. Both crystals were grown from
the same solution under the identical conditions (Run #1-123)
except for the method of seed holding. Figure 11 shows a flat
0.Z plate mounted with a thumb screw (se. also Fig . 9a, 9b)
while Figure 12 represents the pin arrangement . 

- 
While both

crystals tapered (l4 and 1 0) ,  the amount of flawing in the
thumb screw crystal is significantly greater. The reCommended
method for growth of CSD2MO4 is the pin arrangement. 

- - 
- :~~

The effect of seed quality and orientation on the capping
process was bri efly ex~~4ned. Unfortunately the lack of high
quality seed material render. .11 observati cas inaonc lusive~
It can be assumed that if high quality seed crystal. were

— 
available, the capping proces. would not be characterized by a
large number of individual crystallites growing into a twinned
boule .

27

- 1~~
—

_ - - - . • S -.
5

-
- 

- —.
~

- -~~~~~~~~~~~~~~~ —-—~~~~~~~~~~~ — - - - -  -—--— -
~~~~~~~~ - - — — — - -~~~~~~~~~~~ -— ~~~~~~~ - - —~~~- —~~~~~~~~~~~~~~~~ —_ 5 - - - _ —~~ -~ -~~ ~~~~~~~~~~~~~ -~~ -~~~- - - _ - J



- - - —--.5--— —-— - ___5, _ - - - _ __.5._~. 5 - -_ - -- -5~~-5 - - 5_-__ — .5—- — —.5-- - - -— — - —--—5 -- - 5 -—- — ---—--_---~~~ —5----—-— W

5

-

-
~~ - 

_ _ _ _  —
-

4 

~~~~~~~~~~~~-JL

- _ _ _  
_ _ _

~~~~~~~~~~~~~~~~~~~~~:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 11
~~~~

I 
~~~~~~!;:~ 

—

~ 

-,

28

— —
_ 

. 5 5 -  - -

-. 5- 
-
~ 

.-
~~

- -  - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ - -~~~



.5-,- - ‘--5 - -5---—-- - ——-- . - - ---—-,-— - -55—5----5 
.5- 5 .- -~~~

4-
~~~.ø ~

s~ 4;;: ~~ -iL’ ~~~

I

— 
I

— ~~~-:-

~~~ 

5

.

. 0

29 

-1~~~~~~~~ 4 ———~ 
j

-5 — -5-----— — — -— — — —  ~~~~~~~~~~~~~~~~~ .ti J~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~



5.2.2 pH Boundaries

Based on the titration curve previously discussed , both ext remes
of basic and acidic growth media were examined . Run 02—113 was
made at pH 3.7. Figure 13 shows the CsD,AsO seed plate together

_
-

. 

:

~~~~~~~~~~~
i

- -I 
_

_ _  

.5

• 

5

& - —

Figure 13: Cs0
2ks04 

growth at pH 3.7 (Run #2-113).

with dendritic growth and a considerable amount of spurious
nucleation on the bottom of the crystallizer. X-ray diffraction
analysis confirmed the dendritic growth to be non-tetragonal.
Identification of the new phase was not attempted. A number of
attempts to grow from solutions of pH 9.5 and 8.6 (Run 48-116)
were unsuccessful. No growth could be initiated. These solu-
tions are characterized by a continuous variation in pa on the
order of + 0.8 units . When the pa was lowered to 8.1 (Run
08-115) growth was observed, but the crystal did not cap. All.
growth runs were per formed in the temperature range 35 -40°C.

Figure 14 illustrates a series of SEN photographs of the seed
plate for Run #2—113. In (a) , the plate has an amorphous
appearance (30X) . When higher magnifications were used (b, C)
isolated single crystal sections imbeded in the amorphous matrix

30
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could be detected. The applicability of the titration curve to
the CsD2AsO4 crystal growth system was confirmed.

5.2.3 itaxial Growth of CsD2A O 4 on CsH2AsO4 and
_ !2AsO4_ at...

According to the lattice parameter mismatch, the best choices
for epitaxial growth of CsD2AaO4 were CsH2AsO4 and RbH2AsO4.
A growth solution of CsD2AsO4was adjusted to pH 7.0 and the
saturation point to 40°C. The RbH2AsO4 seed (2 x 2 cm) was
rotated at 10 rpm with the solution flow parallel to the I
direction of the seed. The temperature of the growth solu tion
was lowered 0.05°/day. After five days, the seed was still not
growing. On the sixth day, the seed fell f rom the holder due
to dissolution of material around the retaining pins. The
growth run was continued , and the rate of temperature lowering
increased to 0.1°/day. Within 24 hours, dendritic growth was
observed on the seed surface. As growth continued, it became
apparent that C5D2AsO4 can not be grown epitaxially on RbH2AsO4.
The entire surface of the seed plate was covered with dendritic
growth. These dendrites grew at an extremely high growth rate.
This experiment was terminated. Figure 15 illustrates the

I
Figure 15: CeD AsO

- growth on RbH2A~O4 lead(Run * 2—109).
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H
RbH2AsO4 seed plate in situ prior to the plate dropping from the
seed holder. Tb. plate was apparently etched by the growth
solution. -

-~~~~~~~L -

LI

A second crystallizer (Run #1-108) was loaded with a CsH2AsO4
seed plate (I axis, 2.0 x 2.0 cm). A solution of CSD2A O 4
saturated at 44°C and adjusted to pH 7.3 was used for growth.
The solution temperature was lowered 0.03°/day. Based on
observa tions described below for the low-temperature C5D2A O 4
growth run (see Par. 5.2.4), two rotation rates were used,
i.e., 8 rpm counterclockwise and 32 rpm clockwise, with the
same seed . Figure 16 i. a series of photographs taken during
this experiment for illustration of the taper and capping
processes. The amount of a growth required for capping at 5 rpm
and 32 rpm was 18 imu and 14 ma, respectively. In term. of growth
time, the side that rotated at 32 rpm capped four days soo mer
than that of the 8 rpm surface. An important effect was observed
and is illustrated in Figure 16d. In the clear section of the
cap growing in the 32 rpm direction, three parallel lines (flaw.)
can be observed . These flaws are parallel to (101) pyramid —

faces. They were generated during rotation in the opposi te
direction at 8 rpm. A 24 hour cycle was used for switching

I rotation directions and rotation rates. The spacing between
these flaws corresponds to about 48 hours of growth. Therefore ,
the flaws were initially formed during rotation (at S rpm) in

the opposite direction, and the clear or f lawless region was
generated when the rotation direction and rate were switched.
This means that this growing surface had experienced °starvation
during the time period when rotation was at 8 rpm. Not. also

that the 8 rpm growing surface does not show th. flaw effect
when rotation was at 32 rpm, even through this region is a

trailing edge. It is obvious that the high rotation rat. in-

creaseS the amount of material transport to the growing surface

and that this may be the key to the growt h of large, high
optical-quality CsD2AIO4. The taper angle for th±s crystal is

about 8° and doe s not appear to be affected by the rotation rates

used in this exper iment .
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Figure 17 shows the effect of increased rotation rate on the
average growth rate in the a direction for the experiment 4.’.
scribed , Two points are impor tant . First , the growth rate in
the 8 rpm direction is initially s-lower and this i. directly
related to a slow capping process at 8 rpm. The second fact,
apparent from the data, is that the growth rates at both rotation
rates become equal after about 17 days. This corresponds to the
time when both growing surfaces have completely capped. It is
evident that the growth rate on capped surfaces is equivalent
and independent of the rotation rates used in this experiment.

so-

pS — 7 .3

sat. ?~~~~ . • 44’C
dr/d t • O.03•/dsy

to-
S
S

z
a
0a
a
C

0
0 31RPM
X •~~PN

/
/

,,
,,

I I • I •
0 10 to so

TINt (DAY $~

Figure 17: Effect of rotation on growth rats of CsD2*s04.

5.2.4 Low Te~~erature Growth of CsD2AIO~
A low temperature growth Run (43-107) of CsD2AsO4 was initiated

based on a comparison of growth data for CsD2AsO4 and RD2PO4.

An extension of the solubility curve of CsD2A$04 in D20 (by

extrapolation ) to - a so].ubility value comparable with RD2PO4

1
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results in a temperature of -30°C . It was assumed that con-
trolled growth and elimination of many of the CsD2AsO4 problems
could be achieved by cooling from a saturation temperature of
0° down to approximately -30°C. In order to establish experi-
mentally the validity of these assumptions, Run 4 3-107 was
initiated at 85%D , using a saturation temperature of 20.5°C and
pH 7.1. A slow cooling rate (dT/dt) of 0.05°C/day was employed.
The crystal had not capped after four weeks of growth. Initially
the seed was rotated at 10 rpm and in view of previous indications
that increased rotation shortened the capping process, the rota—
tion rate was increased (after four weeks) to 20 rpm and dT/dt
remained 0.05°/day . This change in rotation rate caused the
seed to cap in four days . Figure 18 is a series of photographs
taken during this run . In Figure l8a , the crystal had not capped
completely after four weeks of growth and upon increase of the
rotation rate (Fig. l8b) the capping was completed in four days.
The taper angle for this crystal was 15° .

Table 9 siunlnarizes the growth data for both crystal-growth
experiments.

TABLE 9: Comparison of growth Runs *3-107 and *1—108.

Sat. Growth Taper
~~tation Temp. Rate Angle

System Rate C _p~~ n/day 
_____

CeD2ASO4—D20 10/20 rpm 20.5° 7.05 1 15°

CsD2AsO4
—H 20. 8/32 rpm 44° 7.30 0.5 8°

Both crystal growth solut ions were prepared from the same purity

starting materials; thus the taper angle generated in both of

these runs is not impurity dependent. In fact, the effect of
impurities on the taper angle appears to be less of a factor

than previously observed for XD2PO4 (Refs . 16, 17) . Figure 19

illustrates the growth rate measured in the I direction for the

4 3-107 run . The slope of the curve results in an average growth

rate of 1 ma/day with the crystal growth parameters employed . It

36
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Figure 19: Growth rate of C102
hs0

4 (Run *3-107).
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should be noted that the data point at 8 days is lower because
the temperature did not decrease in the system. The fact that
growth stopped would indicate that the growth parameters used in
this experiment resulted in a low supersaturation .

This run was terminated due to a malfunction of the temperature
controller which caused an increase of 5°C in the growth solu—
tion temperature. The result of this temperature rise was a loss
of about 50% of the grown crystal. 

—

5.2.5 Effects of Rotation on Capping Process

In view of the apparent dependence of rotation rate on the
capping process a modified crystallizer was fabricated. This
unit would permit continuous adjustment of fluid flow against
the seed surface. Figure 20 illustrates the capping process in
the modified crystallizer . The seed never cc pletely capped at
rotation ra tes of 100 rpm. It is not clear at this time if this
was due to the high rotation rate or the very poor quality of
seed plate utilized.

5,2.6 The Taper Phenomenon

The occurrence of taper in tetragonal XH2PO4 crystals has - been
observed and explained in the literature (Ref s. 8,9,10,11).
Crystal morphology was influenced by pH, supersaturation (to a
minor extent) and foreign cations in solution . In the cas. of
cation impurities, the effect on tapering decreased in the order

and was directly related to the stabilities of
the aqua ion complex N (H 2O) 6’

~ 
(where 14 — Cr,F.,A1) . The taper

effect in pure solutions was attributed to the cOrEfiponding
complex formed b~- bydration of hydronium ions 1430 (R3O)~ and
could be controll d by -p proper pH adjustment. In view of the

-
: fact that tapering is on. of 

- the major problems in the growth
of CeD2A5O4, th. results discussed above were a~~1isd tO the
CsD2A O 4’.D20 system. - 

-
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Two impurity additions were selected for incorporation into the
CsD2ksO4 solutions, ~~~~ ~~ ~ç3. m. presence oz eo;3 ~~~~~~~~~~~~~

is known to cause tapering NH4H2PO4. The solution from Run
13-121 was doped with 500 ppm H3B03 and identified as Run 01-125.
A second solution, used previously for Run 08-122, was dop.d with
300 ppm Fe~

3 (Run 18—127). Growth conditions for both runs were
adjusted to match the runs used with the original undoped solu-
tions (Run 03—121 and 8—122). It should be noted that standard
growth solutions contain 5 ppm Fe’3 and have resulted in taper
angles of 4.5’-lS° , thus an increase in ~~I3 concentra tion
should result in larger taper angles. Table 10 lists the data
obtained from these two runs. For comparison the data from the
ori gina l solutions are included. 

- -

TABLI 10: Growth data for impurity St fects

I Impurity Taper
R*m * %D 2 0 C  Concentration Angle
3—121 87 

- 
7.2 

- 
0 

- - 
, 7.5’

1—125 87 7.4 500 ppeao 13°
8—122 56 7.6 0 13’

8—127 56 7.5 
: ‘O 

300 ppmle43 13’

There was no observable differences in crystal qualit y as compared
to the undoped experiments . The measure d tap er angles of the two
boules were 13°. There was no change for Fe~

3 dopin g and an
apparent increase for the B0 experiment. Two conclusions can be

inferred from the experiments. First, under the growth conditions

used , the add ition of Fe43 has no effect on the taper angle in
CsD2A5O4. Second, the addition of the 50 anion causes an apparent
increase in the taper angle but considering the low level of ao
in the standard solutions, this impurity cannot be responsible for

the generally observed taper angles in norma l CsD2MO4 crystal

growth experiments. -
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The effects of impurities (cation/anion), pH and rotation rate
(i.e., fluid flow) on taper in CsD2AaO4 are minimal (see Table 11) .

TABLE 11: Taper angle data.

a
Growth Flow Dspoaition
8sts dT/dt Osposition Velocity Taper p5 Solution Pats Psr

!~~~~! /day 
~~~~~~~~ 

Pats, q/day on/ac. ~nq1s •20 C ID’ Unit Axon

1-102 —— 0.15 3.4 7.2 0 7.2 68 4.8 * 10~~2—103 — 0.06 - 3.4 4.5 5.5’ 6.6 49 1.4 * 1O~~8—104 -— 0.07 7.8 —— 6 6.5 60 21.7 * t0~~
1—108 2.2 0.06 1.4 {1~~~ 6. 7.3 0 3.6 *
8—115 — 0.30 21.5 16.2 4.5 8.1 96 74.6 x 10~~9—120 1.8 0.19 3.2 16.2 10.5’ 7.8 85 9.1 *
3—121 1.0 0.23 1.6 16.2 7.5’ 7.2 87 3.3 ~8—122 3.0 0.30 6.1 -_ - 13’ 7.6 56 6.8 x 10~~

~~ £ 11~~1—123 3.4 0.15 l~~ 1 • 1 7 6  56 1 ’12.3 113.8 ( 10’ ( 5.9 x 10
5—133 1.2 0.10 1.0 16.2 0. 7.2 7 3 x 10

Initial data on pH and rotation rates indicate, that while these
two parameters do have some effect on the taper angle, there is
insufficient data to explain the continued existence of a finite,

variable taper angle. In the case of pH, it was noted that

CsD2AsO4 solutions initially prepared at pH 4.1 had chan
ged on

standing, to pH 2.6. One possible explanation for this behavior
is the presence of CO2 in solution. During the preparation of
CsD2MO4, Cs2CO3 is used as a starting component and CO2 

is
produced during the neutralization process:

- D20 -
Cs2CO3+4D20+AS205 ~ 2CsD2AsO4+2D20+C02+ 

(1)

The CO2 generated could then react as shown below:

C0
2

4D
3
0 ~ D2CO~ (2)

2D2C03+Cs2CO3 2CsDcO3+C02+D30 (3)

Tho presence of CO2 in tho solution could lead to aqua oomplsxoa

-; of the type described above and therefore Lead to tapering.

To investigate thi, aspect of the taper problem, solution aun

42
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*3-121 was refluxed for 72 hours (the final [C02 3 being <100
ppm) and subsequently used for a crystal growth run (*3—124 ) .
The taper angle on this crystal was 9°, very close to the taper
angle of Run *3—121 ( 7 • 5 0 ) •  During the growth run , the solution
pH was monitored over an eight hour period and did not vary:
pH 7.596 + 0.002. Thus CO2 in solution is not responsible for
taper under the conditions employed.

Another possible source of taper in C5D2A5O4 could be Rb
+ con-

tamination. While it appeared unlikely that Rb+ could result
tn taper, it was noted that RbH2AsO4 seed plates in a C5D2A8O4
solution resulted in dendritic growth. A chemical analysis of
two crystals, with 14° taper and 0° taper showed the con-
centration to be 10 and 20 ppm, respectively. Rb~ was there fore
eliminated as a possible source .

C5D2A5O4 crystallization from a stoichioaetric aqueous solution
can be described chemically by the following reactions.

C5D2ASO4 : Cs +D2A5O (4)

D2A5O4 : D~ +DAsO 2 (5)

D20 D~+OD (6)

D~+D
2
AsO

4 D~AsO4 (7)

C5OD : Cs4+OD (8)

c,’+~ .o;
2 : csDMo; (9)

-

. ~
- These equations are representative o.f a number of posiible pro-

ceases. Assuming Cs ’ and D2As0 ions form chains along the (001)
axis as previously described for RbH 2PO4 (Ref. 10), the (100) face
consists of both ions. The (100) face cofltains alternating planes
of Cs~ and D2AsO .  This is recognised to be a simp]~ification of
the actual system because D2M0 is actual17 D2.~H~&5O . +

The lack

of one ion would cause a change in growth habits i.e., D in

43
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excess should cause elongated growth. In a atoichiometric solu-
tion (pH 4.6) Equation (5) is negligible. Addition of CsOD
would increase the pH and result in excess Cs+ which would promote .5

reaction (9). Then, the total D2A5O4 concentration would decrease.
Under these conditions the formation of D2M0 layers on (001)
faces would be delayed and taper results. Thus, theoretically

crystal growth at pH 4.6 should result in taper-free crystals. - 
-

This has not been the case of previous data and present results

showed taper exists over the entire pH range 4 to 8 (Ref. 1).

The interfacial angles of a tapered CsD2AsO4 crystal were mea-

cured with a precision protractor. Since the faces are
curvilinear, the angle 4 ranged from 24° to 28°. A 3 nun3 chip,
exhibiting the taper surface was analyzed on the X—ray precession
camera. The surface of the chip was aligned and auto-collimated
to the spindel and X-ray beam directions. The precession dia-

grams confirm the crystallographic orientations shown in Figure
21. The set of planes which closely correspond to the taper

A

Figure 21: Orientation o~tapered CsD2AsO4 crystal.

4,..)

~oko) 
.5
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faces were the {301}. The misorientations between these faces
and crystallographic planes vary from 2° to 4°.

Table 11 summarizes the data from the various crystal growth runs
with specific reference to the taper problem. No correlation
between taper angle and growth parameters could be clearly
established.

Table 12 summarizes the total impurities analysis for a typical

tapered boule and its growth solution. No correlation is

- 
obvious between taper angle and impurity concentrations.

TABLE 12: QuantatiVe analysiS -of typical tapered
r CsD2ASO4 ~rysta1 and growth solution

- - Solution Crystal *
Impurity (ppii) (ppm)

Na 5 5

K 10 —-
Rb . 2 2 

-

.5

B 5 1

A). 5 3
Si 10 1

Mg 5

Ca 10 1

<50 — 

.5’ 
-

* --- Sought but not detected. 
- 

In addition , Fe,
Ba, Be, Mn, Pb , Cr, Ag, Sn, Th and V were
not detected. -

5.2.7 Growth Process for Taper-Free C5D2AsO4

During an analysis of a].]. crystal growth data obtained under this

program, an interesting phenomenon was observed. In early

crystal growth runs using glyco]./D20 (70:30) as a solvent, the

taper angle in C D 2AaO4 appeared 
to be less than 5°. However,

.5
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the 0°Z plates used as seeds never completed the “capping
process ”. In addition, crystal growth was highly flawed as
evidenced by a high concentration of growth veils. Therefore,
it was decided that a previously capped and tapered crystal
introduced into a saturated CsD2AsO4-glycol/D20 solution might
grow with a reduced taper angle .

A CsD2AsO4 growth solution was prepared using glycol/D20 (70:30)
at pH 7.55 and a saturation temperature of 46.5°C. Final solu-
tion volume was 2.1 liters. The capped boule with a taper
angle of 16°, grown in Run *1-125 (B03

3 doped), was used as the
seed. A constant rotation of 60 rpm was maintained during the
entire growth process. The temperature lowering rate was 0.2°/day.
Figure 22 illustrates the growing C5D2AsO4 crystal 14 days into

1 -

Figure 22: CsD
2
hsO

crystal (Run *1—129f
(Sat. temp. 46.5°C, pH
7.55, 60 rpm , dT/dt —

0.2°/day].

the cycle . The internal flaw observed is the initial boundary of

the seed crystal . Allowing for magnification , about 3.5 ~~ of

clear crystal growth was observed at the cap , measure d perpen-

dicular to the Z axis. Thus, the taper angle was reduced from

.5 16° to about 6°. It would appear that a two step process could

be used to grow large optical quality CsD2A O 4.

46 
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A second crystal growth run (*5-133) was initiated at the end

of this program and the resulting crystal (in situ) is shown

in Figure 23. For comparison, the crystal from Run *1—129 is
also shown.

. . . .-,
~~~

&

.5 ~

-‘ 
~~~~~~~~~~~~~

(a )  Run #1—129 (b )  Run #5—133

Figure 23: C8D2AB04 growth.
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SECTION VI

CRYSTAL CHARACTERI ZATION

6.1 ~~tica1 Absorption Measurements
Three C5D2A5O4 crystals were grown at solution deuteration levels
of 48.7 , 59.9 and 68.2% D, and three test samples were fabricated
from each crystal. The samples were X—ray oriented and cut as
0°Z plates. Each sample had a S x 5 me aperature and a 5.59 nun
path length along the tool) axis (Z). Opposite (001) faces were
polished flat and parallel to A/4 and 20 seconds of arc. Calori-
meteric measurements were performed using the output of a 1.06 pm
laser operating in the Cli mode. Input powers (at 1.06 pm) of
0.3 W and 1.0 w were applied to the test samples. The measure-
ments are swuna rized in Table 13. Figure 24 is a plot of this

TABLE 13: 1.06 pm Absorption in
CsD2AaO4 

(0.559 ~~ path length (001) )

- 
% Absorption Mean Absorption

Souls * ~~~~~jj  0.3 W.tt 1.0 Watt Absorption % p~~ ~~

2—103 1 2.59 2.77 5.4
(48 .7 ~ o D) 2 2.59 2.62 2.59 4.59

3 2.52 2.44

8—104 1. 2.20 2.24
(59.9 sb D) 2 2.39 2.30 2.27 4.02

3 — Broken — 4.4

1—102 1 1.45 1.42
(68.2 a/o D) 2 1.22 1.18 1.29 2.30

3 1.22 1.23 3.2

data together with two measurements obtained from the literature
for 0% and 85% D (Ref.  4, 5) . Neither of the literature values
were made by the calorimetric method . The deuteration levels
indicated at 0% and 85% are those measured in the crystals.

Figure 24 shows that deuterations higher than 85% (in the crys—

tel) are required to obtain absorption in the 0.5%/cm region.
The same crystals were also measured in the 45’Z SUG direction
and gave the following absorptions: Run *2-103* 7.4% per cm;
Run *8—104: 6.0% per cm; and Run *1—102 : 6.2t per cm.

4$
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Figure 24: Optical absorption in Csb2AsO4 at 1.06 pa.

The consequence of this high deuteratiort level requirement is

discussed in Paragraphs 6.3 and 6.4, in relation to the phase
match temperature and to a recently discovered phase transition

in CsD2AsO4.
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6.2 Measurements of Deuteration Levels

The degree of deuteration of a crystal can be determined by four
methods: pycnometric measurements, spectrophotometry , differential
thermal analysis, and second harmonic analysis. In the first two
methods, prior sample preparation is required . The sample to be
measured is prepared by the destructive distillation of CsD2AaO4
crystal according to the reaction:

Cs(Dl_~
B
~
)2AaO4 >300°C ‘ 

C5A503 + (H
~Di_~

) 2Ot

The mixed sample (H
~Di_~

) 2O is condensed from the vapor phase and
collected in a suitable container. The sample is then ready for
determination of the deuterium concentration. The pycncssetric
method involves the direct measurement of the samples density and
this value compared with a standard curve previously determined
(Ref. 12). This method has been successfully applied to XD2PO4
(Ref. 13). The pycnometric method is the most accurate, but

suffers a drawback; considerable time and careful technique are
required. This method is suitable for a few crystal samples but
when large numbers of samples must be processed, the other tech-

niques are preferred. It should be pointed out that the pycno-
metric method has been used as a cross-check on the accuracy of
the other techniques.

The spectrophotometric method is based on the absorption peak of
0—D and 0-H in the infrared region at 1.6$ im (Ref. 13). Figure

25 illustrat es a standard ization curve for the determi nation of
deuterium concentration. Table 14 lists the absorbance obtained
for a particular mole percent deuterium level. The technique

uses a pair of matched path-length quartz cells. Again, a direct

measur ement is performed on the distilled sample and the concen -

tration of deute rium deter mined from the stan dard curves. It

should be noted that to retain accuracy and reproducibility of

the measurements , standard samples should be ava ilable dur ing the

testing of unknowns and periodic checks performed.
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TABLE 14: Ibsorbance as a function of deuterium
concentration (5 me path—length) .

Mole ~ Absorbance (1.68 pm)
99.84 8.5
96.94 21.25 j
93.72 32.00
88.89 44.75
83.71 55.25
77.57 63.75
72.98 68.5
67.62 71.75

The D.T.A. method is an easy technique but is less accurate
(+ 0.5 mole %). It does not require destruction of the test
sample and usually a small chip from the original crystal (-10 mg)
is used to perform the measurement. This method has been previ-
ously described in detail (Ref. 10).

The D.T.A. method is based on the measurement of the ferroelectric
phase transition which is known to be sensitive to changes in
deuteration level. In XD2PO4 and CsD2A O4 two linear relation—
ships have been determined (Ref s. 1, 13):

(~~2P04) : T~ 
121. 7°K + 1.07 m

(CsD2AsO4): Tc — 140°K + 1.01 in

where, in - mole percent deuterium.

There have been a lar ge range of values reported for C5D2MO4
and based on recent work, it would appear that the highest —

deuterated crystal was only just obtained (Ref. 1) • A major point
to be considered is the lack of data on the distributio n coeffi—
cient (keff ) of deuterium for CsD2AIO4. Previous work has shown

that in 
~~2

P04~ 
k~ff is not unity (Ret.~ l3) . In C$D3M04, the

only reported msasurement is 85.6% in the crystal, which was grown
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front a 93% solution. The distribution coefficient in this case is
therefore , keff = 0.92 but, as in the case of KD2PO4, its value
will vary as a function of deuterium concentration in the growth
solution and as a function of the pH. The average effective
distribution coefficient of DC in C5D2AsO4 over the range of solu— 

.5

tion concentrations (49—68%) was calculated as 0.87 
± 0.02. -

6.3 Measurement of Phase Match Temperature CT )
pm— ~~

Three samples of C5D2A5O4 with different deuteration levels were
used to measure T~~~. These cr~’sta1s were the same as those used
for the optical absorption measurements (Runs *2-103, #8-104, and
*1—102). Table 15 lists the values obtained for doubling of the
1.06 urn laser . - - 

.5

Figure 26 illustrates the plotted data. Based on this data and
the optical absorption values shown in Figure 24, to obtain
C5D2AsO4 with optical absorption less than 0.5%/cm would require
a (DC ) crystal of -95%. The resulting 90° phase match temperature
would exceed 410 °X (137°C). It is assumed that the difference in
absorption are due only to variations in crystal deuteration
levels. 

.5

TABLE 15: T values for various deuterations.

[D*J 
(1k) 

T cCrystal crystal pm - Remarks

2— 103 43 70° ± 2 °  narrow SHG pmak

8—104 51 80° ~ 
bZOM p &

1—102 61 77° + 2 broad psk

Ref. 1 - 85 j 16e .
~
. 5C

- 

(t) calculated from Curie te~~eEaturs asa.ur~~ nts.

;‘-~~~~ --~r~-~~- - -

. ‘ ~~~~~ - -

.5 -~~ .5 - - ‘

____________  - — - ~~~ - 
— —  
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Figure 26: 90° phase match temp . vs. (D C I  c rys ta l .

6.4 Thermal Stability and Phase Transitions in C5D2AsO4

The thermal stabilities of KH2PO4 type crystals were recently

reported (Ref. 14). The onset of weight loss was considered to

be the start of decomposition and for C5D2A5O4; this transition

occurs at 469cR. This value is considered an upper limit for the

thermal stability. In addition, loss of transparency occurs be-
fore this temperature is reached.

There are a total of three phase transitions in CsD2AIO4. Two of
these transitions are predicted from the double minimum potential
well theory of hydrogen bonded ferroelectric and are associated 3

with the ferroelectric—paraelectric transition (227°X) and the

decomposition temperature (469 ’K) of CsD2AsO4. A third transition
has been discovered at 443°K which is destructive (Ref. 15). This

transition is associated with a change in crystal structure from
tetragonal to monoclinic and has also been observed to occur in

other 1102P04 type crystals. Table 16 lists the interp lana r

spacings, peak intensities and lattice parameters for the high

temperature phase of CsD2AsO4. It should be noted 
that D.T.A.

data indicates the onset of this transition occurs at 409 K .

.5— —.5-- 
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TABLE 16: Int.rpl.nmr spacings and peak intensity (I
s
)

of high t~~arature phase of Cs(D0850014
) 2As04.

H ~ D(ob.) D(aalc) x

0 1 3 3.7538 3.7538 1500
3 0 2 3.4395 3.4395 500

3 1 0 3.3066 3.3066 500
4 0 0 2.9746 2.9746 400
1 1 5 2.5363 2.5308 400
3 2 0 2.3881 2.3854 800
5 0 2 2.2444 2.2438 200
2 2 4 2.1373 2.1384 500
4 2 2 2.0367 2.0351 150
4 1 5 1.9876 1.9857 500
5 0 4 1.9617 1.9646 500
5 2 1 1.8415 1.8418 150
6 0 4 1.7620 1.7618 150

4 3 1 1.6480 1.6487 500

7 0 3 1.6170 1.6187 200
4 3 4 1.5157 1.5154 500

1 4 1 1.4765 1.4764 500

2 1 10 1.3621 1.3622 125
8 2 3 1.2736 1.2750 500

a0 11.89 A; bc~ 
5.98 A; a0 14.51 A; ~ a 91.7°; Vol. — 1031 A

3

H

-~ 

- 

55



F— — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _

SECTION VII
CONCLUSIONS

The behav ior of the C5D2AsO4 crystal growth process has still
not been completely explained . Data obtained during this program
has increased the insight required to formul ate a viable crystal
growth process and has resulted in an empirical process where
C3D2Aa04 can be grown with a mimiuj i taper angle (Par . 5.2.7) .
It was established that the following parameters do not have an
appreciable effect on taper:

. PH in the range 6.5 — 8.1.
• Impurity content of starting materials.
• Deposition ra t..
• Temperature lowering rate.
Rotation rate (solvent flow velocity).
Solution (DCI .
Solvent composition . 

-

• Seed holder configuration. 
-

The program also underscored the importance of high-quality seed
crystals and the problems involved with their growth. Indications
are that the conditions required for seed growth and, in particu-
lar, to the generation of larger seed cross-section, i.e., X-Y
growth, are not suited for bulk crystal growth. Further work to
define these conditions is required. It was also concluded that
unless a method for growing high-quality seed material is estab-
lished, the growth of large , high-optical-quality CsD2AaO4 will
not be possible. Furthermore, a considerable amount of uncer-
tainty exists regarding the effect of seed quality on other
C5D2AIO4 parameters, i.e., absorption, taper, deuteration
uniformity, etc.

The results of the study of the mixed solvent system D20/glycol
concluded that a decrease in association of the growth solution
did not occur • Furthermore, a large number of additional solvents

(non-aqueous) were screened but none were found suitabl. for the
growth of tstragonal C D 2A O 4. The solubility data for these
mixed solvents also illustrated the unstable nature of th•se
systime. - ‘
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The discovery of a third phase transition in C5D2A5O4 associated
with a structural change from tetragonal to monoclinic at 409°K
will have a significant impact on the future utility of CsD2AsO4.
The need for low absorption crystals (at 1.06 urn ) will require
a trade—off in optimum properties for CsD2AsO4. For example, if
0.5k/cm is desired, the crystal deuteration level will have to
approach 95 mole %. This in turn will increase the 90° phase
match temperature to 4l0°K--which is where the destructive phase
transition is initiated. Methods other than adjustment of
deuteration levels will have to be examined to reduce optical
absorption. One possibility could be the improvement of the seed
material.

A number of interesting crystal growth parameters were examined
during this program and the following observations made:

• Growth in D20/glycol solvent increasestendency of crystal to flaw.
• pH stability (range 6-7) in D,O during growth
runs is excellent when saturafion temperatures
are about 40°C.

• Above 50°C the pH of a stoichiometric solution
(D20) varies by about + 0.5 units.

• The trailing face of a crystal in D~O/glycolwill grow at the same rate as the liading face
without generating flaws.

• The use of 45°Z plates did not result in
improved growth .

• Cs02As04 could be used as seed materi al .
• Impurities had minimal effects on taper.
• Incr eased rotation in D20 solvent results in

shorter capping periods.
• Growth rates up to S SR/day can be used without
causing visible flaws.

• A tap er-free crystal can be grown by first
capping a seed plate in D~O and then using this
crys tal as a s•ed for sublequent growth in
D20/glycol (70s30) .
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It is clear from the results of the program that more work is
needed before a co.saercially viable CsD2A5O4 process can be
realized. Due to the amount of time required to grow crystals
from solution , a concentrated effort might yield the desired
process in two year ..
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SECTION VIII
RECOMMENDATIONS —

The present program has illustrated the need for more information
on the growth process of CSD2AsO4. Additional studies are
clearly indicated. The following are recommended areas of inves-
tigation:

Generation of X-Y growth to develop larger
seed cross section .

• Effects of crysta l imperfections on optical
absorption and phase match temperature.

• Effects of other seed orientations on growth
habit.

• Experimental growth of C5D2A5O4 in a constant-
temperature, three—zo ne crystallizer similar
to the Walker-Xohman unit used to grow
NH 4H2PO4 back in 1948.

• Systematic search for other pure or mixed
solvent systems that will reduce the high
soluhility of CsD2AsO4 and still yield
tetx igonal crystals.

________________ 
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SAM PL E D— 11 O CD A 712/75 TETBA G O W AL Page 1 of 3

H K 1. DI O) DEC ) D °tO )  PEAK ** B’ C’

1 0 1 5.6184 5.6118 0.2742 118.5 0.19302 0.19520
* ° ° 4.416? 0.3-488 149.4 0.1930 2 0.19520
2 0 0 3.9921 3.9906 0. 3859 4756.8 0. 19302 0. 19520
• * a 3.5810 0.4302 308.8 0.19301 0.19520
1 1 2 3.2331 3.2341 0.4765 7750.1 0.19300 0.19520
• • * 3.2128 0.4795 235.5 0.19301 0.19523
2 2 0 2.8215 2.8220 0.5460 2408.6 0.19301 0.19523
2 0 2 2.807? 2.805? 0.5487 178.1 0.19302 0.19523
3 0 1 2.5210 2.5211 0. 6111 572.3 0.19302 0.19523
1 0 3 2. 49?? 2. 4982 0.6168 556. 4 0. 19 30 2 0. 19523
* • * 2. 352? 0. 6548 262. 5 0. 19302 0. 19523
3 1 2 2.126? 2.1261 0 .7244 6690.? 0 .19302 0.19523
2 1 3 2.1176 2.11?? 0.727 5 844. 7 0.1929 8 0. 19522
4 0 0 1.99 53 1.99 58 0.7721 695. 2 0.19298 0 .19522
0 0 4 1.9731 1.9729 0.7808 579.8 0.19299 0.19521
* ° • 1.9575 0.7870 110.1 0. 19299 0.19521
4 1 1 1.879 4 1.8803 0.8197 28 2. 4 0. 19299 0.19521
4 2 0 1.7851 1.7849 0.8630 1462. 4 0. 19300 0 .19521
4 0 2 1.7779 1.7809 0.8665 90.6  0. 19299 0.19521
2 0 4 1.769 3 1.768 6 0.870? 2255. ? 0. 19 299 0. 19521
3 3 2 1.6991 1. 6983 0.906? 1971.5 0. 19300 0. 19516
3 2 3 1.6939 1.6942 0.9095 222.4 0.19 29? 0.19516
2 2 4 1.6177 1. 6173 0.9523 1531.3 0. 1929 7 0 .195 16

° ° ° 1.6103 0.956? 209.9 0. 1929 ? 0 .195 14
1 0 5 1.5489 1.5489 0.9946 188.3 0.19297 0. 19514
* ‘ ° 1.4650 1.0516 93. 1 0. 19 29? 0 .1951-’
5 1 2 1.4556 1.4554 1.058 4 2684. 6 0. 1929 ? 0.19514
2 1 5 1.4442 1.4440 1.066? 107.0 0.19296 0 .19515
4 4 0 1.4113 1.4114 1.0916 456.5 0.1929 6 0.1951”
4 0 4 1.4033 1.4034 1.0978 1380.2 0. 1929 6 0.19514
3 3 4 1.360? 1.3619 1.1322 122.0 0.19296 0.19515
6 0 0 1.3305 1.3306 1.1579 359.5 0.19 296 0.19515
4 2 4 1.3241 1.3239 1.1635 1800.1 0.19296 0.19515
5 3 2 1.293? 1.2936 1.1908 1223. 1 0. 1929 6 0. 19514
3 2 5 1.285? 1.2856 1.1982 82.1 0. 1929 6 0.19515
1 1 6 1.281? 1.2814 1.2020 1079.3 0. 19 29 6 0.19514 —

6 2 0 1.2623 1.2623 1.2204 552.5 0. 19 29 6 0.19513
3 1 6 1. 1669 1.1669 1.3202 1123.0 0. 19296 0. 19513
4 4 4 1.1482 1.148 1 1.3417 352.5 0. 1929 6 0.19512 —

6 4 0 1.1075 1.1092 1.3910 334.3 0.19296 0.19512
6 0 4 1. 1033 1.1034 1.3963 429.1 0. 1929 5 0.19513
7 1 2 1.0858 1.0856 1.4188 1055.2 0.19295 0.19513
3 3 6 1.0788 1.0784 1.4280 497.2 0.19294 0.19513

— 6 2 4 1.063? 1.0635 1.448 3 630.8 0. 1929 4 0.19512
7 3 2 1.0134 1.0133 1.5202 436.0 0.19294 0.19512
5 1 6 1.00?? 1.0074 1.5288 694. 5 0. 1929 4 0.19512
8 0 0 0.9982 0.998 1 1.5434 164.2 0.19294 0.19811
0 0 8 0.986? 0.9870 1.5614 127. 0 0.19294 0.19511
8- 2 0 0.9685 0.9683 1.590? 280.8 0. 19293 0 .ViSll
6 4 4 0.965? 0.965? 1.5952 431.4 0.19293 0.19511
2 0 8 0.9584 0.9581 1.6074 378.5 0. 19 293 0. 19511
6 3 6 0.9490 0.9489 1.6234 619.2 0. 19293 0.19510
2 2 8 0.9319 0.93 1? 1.6532 384. 6 0.19293 0.19810
7 6 2 0.9036 0.9036 1.7050 379.8 0. 19 29 3 0.19509
8 4 0 0.892? 0.89 2? 1.7258 185. 4 0. 1929 4 0. 19509
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SAM PL E D—1t0 CD’A U2/?5 TE? RAC OU AL Page 2 of 3

8 0 4 0.8909 0.890? 1.729 2 241.6 0. 19 29 4 0.19009
4 0 8 0.8848 0.8848 1.7411 238.4 0. 19 29 3 0.19509
8 2 4 0.8695 0.8694 1.7717 465.9 0.19293 0.19509

1 4 2 8 0.8638 0.8639 1.7834 675.4 0.19293 0.19509

~~~
- 9 1 2 0.8607 0.8606 1.7898 346.0 0.19 29 3 0.19509

7 1 6 0.8571 0.8570 1.7975 653.5 0. 19 29 3 - 0.19509
6 6 4 0.8494 0.8495 1.8136 213.1 0.19292 0.19509
9 3 2 0.8233 0.8232 1.8713 438.8 0. 19 29 3 0.19509
7 3 6 0.820 1 0.8201 1.8784 499.0 0.19292 0.19509
8 4 4 0.8135 0.8135 1.8938 430.1 0.1929 2 0.19509
4 4 8 0.8089 0.8089 1.9045 282.6 0.19292 0.19509
10 0 0 0.7985 0.7985 1.929 2 236.4 0.19292 0.19509
6 0 8 0.792? 0.7928 1.9434 226.? 0. 19 29 2 0. 19509

10 1 1 0.7905 0.7906 1.9488 167.3 0.19292 0.19510

A 7.9853516 C~ 7.8964272

if K L D(0) DI C) PEAK S ERROR D°(0)

1 0 1 5.6184 6.6148 118.5 0.0638 0.2742 0.2744
2 0 0 3.9921 3.992? 4756.8 0.0139 0.3859 0.3858
1 1 2 3.2331 3.2357 7750.1 0.0803 0.4765 0.4761
2 2 0 2.8215 2.8232 2408 .6 0 .0606 0 .5460 0 .5457
2 0 2 2.80?? 2.8074 178.1 0.0091 0.548? 0.5488
3 0 1 2. 5210 2.5223 572. 3 0.0545 0. 6111 0.6108
1 0 3 2. 4977 2. 4998 556. 4 0.087 1 0.6168 0.6163
3 1 2 2.1267 2.1273 6690.? 0.029 8 0.7244 0.7242
2 1 3 2.1176 2.1188 844.7 0.0566 0.7275 0.7271
4 0 0 1.9953 1.9963 698.2 0.0528 0.9921 0.771?
0 0 4 1.9731 1.9741 599.8 0 .0534 0.7808 0 .7804
4 1 1 1.8794 1.8810 28 2.4 0.0832 0.819? 0.8190
4 2 0 1.7801 1.7856 1462. 4 0 .0257 0.8630 0.8628
4 0 2 1.7799 1.7818 90.6 0.2046 0.8665 0.864?
2 0 4 1.769 3 1.769 6 2256.7 0.0161 0.870? 0.8706
3 3 2 1.6991 1.6990 1971.6 0.0066 0.906? 0.9068
3 2 3 1.6939 1.6946 222.4 0.0490 0.9095 0.9091
2 2 4 1.61?? 1.6178 1531.3 0.0068 0.9523 0.952?
1 0 0 1.5489 1.5493 188.3 0.0228 0.9946 0.9944
5 1 2 1.4556 1.455? 2684.6 0.0115 1.0584 1.0683
2 1 5 1.4442 1.4444 107. 0 0.009 5 1.066? 1.0666
4 4 0 1.4113 1.4116 466. 5 0.0240 1.09 16 1.0913
4 0 4 1.4033 1.403? 1380. 2 0.027 3 1.0978 1.0976
3 3 4 1.3607 1.3622 122.0 0.1145 1.1322 1.1309
6 0 0 1.3305 1.3309 369.5 0.0312 1.1579 1.1576
4 2 4 1.3241 1.3242 1800.1 0.0129 1.1635 1.1634
5 3 2 1.29 3? 1.2939 1223.2 0. 01Db 2.1908 1.190?
3 2 6 1.28 67 1.2850 82.1 0.0095 1.1982 1.1982
1 1 6 1.2817 1.2817 1079.3 0.0042 1.2020 1.2019
6 2 0 1.2623 1.2626 562.5 0.0202 1.2204 1.2202
3 1 6 1.1669 1.1671 1123.0 0.0141 1.3202 1.3200
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4 4 4 1.14R 2 1.148 3 352. 5 0.0039 1.341? 1.3416
6 4 0 1.1075 1.1074 334. 3 0.0136 1.3910 1.391?
6 0 4 1.1033 1.1035 4 2 9 . 1  0. 0-190 1. 39 63 1.3960
‘1 1 2 1.0858 1.0858 1055. 2 0.0055 1.4188 1.4189
3 3 6 1.0788 1.078 6 497. 2 0.024? 1.428 0 1.428 4
6 2 4 1.063? 1.0637 630.8 0.004? 1.4483 1.448 4
7 3 2 1.0134 1.0134 436. 0 0.0008 1.5202 1.5202
5 1 6 1.007? 1.0075 694. 5 0.0 154 1.5288 1.529 0
8 0 0 0.9982 0.9982 164. 2 0.0010 1.5434 1.5434
0 0 8 0.9867 0.9871 127.0 0 .0406 1.0614 1.5608
8 2 0 0.9685 0.968 4 280.8 0.0116 1.59 0? 1.5909
6 4 4 0.9657 0.9658 431.4 0 .005 1 1.5952 1.5951
2 0 8 0.908 4 0.958 2 378.5 0.0219 1.6074 1.6078
5 3 6 0.9490 0.9489 619.2 0.0052 1.6234 1.6235
2 2 8 0.9319 0.9318 384. 5 0.0123 1.6532 1.6534
7 5 2 0.9036 0.9036 379.8 0.009 4 1.7050 1.7048
8 4 0 0.89 2? 0.89 28 185. 4 0. 0140 1.7258 1.7756
8 0 4 0.89 09 0.89 08 241.6 0.0151 1.729 2 1.729 5
4 0 8 0.8848 0.8848 2 3 8 .4  0.0012 1.7411 1.7411
8 2 4 0.869 5 0.869 4 465.9 0.0158 1.9717 1.7720
4 2 8 0 .8638  0.8639 675. 4 0 .0022 1.7834 1.7834
9 2 2 0.860? 0.8606 346. 0 0.0133 1.7898 1.7900
7 1 6 0.8571 0.857 0 653. 5 0.0032 1.7975 1e79?6
6 6 4 0.849 4 0.8495 213. 1 0 .0054 1.8136 1.8135
9 3 2 0.8233 0.8232 438.8 0.0032 2.8713 1.8?1
7 3 6 0.8201 0.8201 499.0 0.008 2 1.8784 1.8786
8 4 4 0.8135 0.8135 430.1 0.0010 1.89 38 1.8938
4 4 8 0.8089 0.8089 282. 6 0.0015 1.9045 1.90”3

10 0 0 0.798 5 0.7985 236.4 0.0016 1.929 2 1.129 2
6 0 8 0.792? 0.79 28 226.7 0.0121 1.9434 1.~~”’~

10 1 1 0.7905 0.7906 167.3 0.0080 1.9488 1.948 6
E N D  Of D A T A
•

)

- ( -  —
~~ 

- - - 
- — ,, . . I  -

- . - - - - j  S
. 

5 ’ -~ 
. - 1  ~~

‘-, -

- -  - - - 
— --

~~~. I 
~~~~~~~~~ 

. - - - -
- 

5 _ . ‘
-~-~ ‘ f - - 

- 
- -

- - 
- 

- 
-;‘
~;,j .

-
~~ 

- -

64 

-

U.$5.v.rnniI. ~t PvffiUn Offlos, 101$ — 717400177$

.5 .5- —.5-- —5 _~~~_5_____S~__5.~


