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THERMAL VACANCIES AND PHASE SEPARATION IN BCC
MIXTURES OF HELIUM-3 AND HELIUM-4

Benedick‘Andrew Fraéss; Ph.D.
‘ Department of Physics o
University of Illinois at Urbana~Champaign, 1980

Thermal vacancy concentrations in crystals of 3He—“He mixtures
have beeﬁ determined from accurate measureménts of the temperature de-
pendence of the~x—Fay lattice parémeter. A new x-ray diffractometer-posi-
tion sensitive detecfor system is used to make measurements of the absolute
-lattice parameter of the helium cr&stals with an aécuracy of 300 ppm, and
measurement; of chénges in lattice parameter to better than 60 ppm. The
phase separétion of the concentrated 3He-“He mixturesbhés been étudied in
detail with the x—:ayAméééurements. |

Vacanc& concentfations.in crystals with 99%; 517, 28%, 127, ana'OZ
3He have been determined. The vacancy data in the nearly puré 34e crystals
‘confirm'previous x-ray results from pure 3He. The firé; direct measurements
of vacanciesuin pure hcp “He are reported, along with stud& of vacancies
in bec “He. The vacancy concentrations in the 51%:and 282.3He mixed crysfals
are found to be as large as 5%. Progress is made toward éﬁaracterizationf
" of the detailed temperature dependence of.;he vacancy ¢oﬁcéntration in al)
' éhe crystals.” The low témperatﬁre X-ray molar yolumes of the crystals are
determined to better fhan 0.1%. Vaéancy volumes 6f formation are inferred
‘_by several methods.’
Phase sépération has been'studied in mixed crystals with concentra-

tions of 51%,.28%, and 12% %He and melting‘pressures between 3.0 and 6.1 MPa.



The phase separation temperatures determined in this work are in general
agreement with previous work. The pressure dependence of Tc’ the phase
separation temperature for a 50% mixture, is found to be linear: dTC/dP =

-34 mdeg/MPa. The x-ray measurements are used to make several comments

on the low temperature phase diagram of the helium mixtures.
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I. INTRODUCTION

Solid helium is a remarkable subject for study from both theoretical
-and experimental viewpoints...The basis of this intgfest is that the quantum- '
mechanical zerofpoint energy (ZPE) of solid helium is comparable to its
potential energy.l/ . The ZPE is large due to the small mésses of 3He and
“He and the wéakness of the attractive part of the vﬁn dér Waals interaction
between the-atoms. So0lid helium is called a quantum crystalg/ because for
it the‘harmonic-approximation, which is the basis of the usual theories
of lattice dynamics, breaks down, forcing a quantum-mechanical treatment of
the system.

Oﬂe manifestation of the large ZPE in heliuﬁ is that the root-mean-

s 2.5
square deviation (<u<®>

) of an atom from its lattice site is large: in 3H¢
it can be as large as 1/3 of the neaf ngighbor distance R.l/ The large ex-

: cursion of the atom from its lattice site has three results.éf en) ﬁeighbor—
ing atoms are encountered at distances oh the order of theif'hard core radii,
(2) the "small" parameter of classical latticé dynamits, <u2>%/R, is not

:émall, and (3):peighboring atoms tunnel and exchange lattice sites. Theories

—of solid helium are therefore forced to acknowledge the non—loéalized de~

"écription appLicable to the a@pms on their lattice sites by describing the

_étoms with wave functions,'which are usually taken to be Gédséian in shape.Z/
ThiSAdescription.allows easy visualization of the tunneling and exchange

between thé atoms. They are seen simply as due to the overlap of the atomic

wave functions.
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both pure 3He£:—

The low temperature phase diagrams of 3He and “He illustrate both
the importance of the ZPE and the wealth of interesting features present
in this quantuﬁ solid. The pressure-temperature (P-T) phase diagrams for

7/ 8/

and bure ”Heél— “are shown in Fig. 1. Among the obvious
points of interest in this figure are: (1) both 3He . and L*He are liquid all.
the way to zero.eemperature‘at low pressﬁres, (2) 3He-reqeires a pressure
of 2;9 MPa before it solidifies, while “He solidifiee at 2.5‘MPa, (3) both
3He and “He melting»cufves have minimdms, although that of 3He is much more

pronounced, (4) the bcc phase exists from‘2.9 MPa to about 10.5 MPa in 3He,

while it is 6nly a small (at most 50 mdeg wide) sliver along the melting

line in “He, and (5) liquid “He becomes superflﬁid He II at about 2 K. Not

9/

shown are the superfluid 3He phases which éccur at about 2 mK,— the maé—
netically orderee phase in solid 34e (at ~1.1 mK on the melting linelg/),
and the fcc'phases of both 3He and “He which occur at ~100 MPa and 15 K.
This‘wide vafiety of different phenomena at low temperatufes in helium is
ample reason for interest in helium.

The bce phase'of‘3He has been the focus of much interest in recent

3/

' . . : . 11
years (see reviews of nuclear magnetic resonance (NMR) and thermodynamlc——/

experiments);T The bcc phase is the least deﬁse, shows the largest effects

"due to atomic aelocalization,'and has the largest ZPE of the solid phases

of helium. Differences between a quantum solid and classical solids are.

A“evident in man§ properties. The heat capacity of 3He, for example, has many

contributions other than the Debye T3 behavior normally expected in an in-
. ., 11/ : . .
sulating solid.—™ Among these are a nuclear exchange contribution at low

temperatures and the high temperature anomaly due to vacancies.



"Figure 1.

P-T phaée diagrams of pure 34e and pufe “He. 'The
prESsure4t¢mperature phase diagrams of both 3He and
“He are piotted. The dashed lines are 3He phase

boundaries; while the solid lines are those of “He.
Also shown is the superfluid A line in “He. Tﬁese

curves are compiled from the data in references 4-8.
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Vacancies have been studied in bce 3He with heat capacity .tech-

12-17/ Their measurements are sensitive to the

niques by many workers.
model of the normal lattice heat capacity which is used, because the lat-
Atice'properpies of hypothetically perfect quantum solids are not in general
known with high accuracy. Vacancies in bcc (and hcp)73He have ‘also been

18/

studied with NMR experiments. The diffusion data of Reich— and the T
e et . 19/ . )
measurements of Sullivan, Deville, and Landesman— give activation energies
for vacancy motion that are in general agreement with the activation energies
obtained in the heat capacity work. Finally, the x-ray measurements of
20/ s . : i .

Heald—' - have directly determined the vacancy formation energy in both bcc
and hcp 3He. Heald has found that the concentration of vacancies at melt-
ing in bcc 3He is about 5x1073, approximately independent of the molar vol-
ume of the sample. The x-ray formation energies are in qualitative agree-
ment with the other determinations in the bec phase.

The microscopic nature of a vacancy in a quantum solid is an inter-
esting subject for discussion. As mentioned above, theré is tunneling and
éxchange of ‘the atoms in the solid. Thus the vacancies also tunnel through
the crystal, since a helium atom situated next to a vacancy has a finite
probabilityhof tunneling into the vacancy. This rapid tunneling results
in the vacancy having a wave-like character. This excitation, called a

, o .21/ ' 22/ .
delocalized or nonlocalized— vacancy or a vacancy wave,— 1is one of the
interesting manifestations of quantum mechanics which is present in helium.

The delocalization of the vacancy should cause the vacancy formation
energy to widen into a band, in a manner analogous to that of conduction

electrons in a solid. 1Imagine a vacancy and a helium atom which are placed

in a lattice, and given an interaction strength t. ‘The energy of the two



possible vaCancy'states (the vacancy on either of the two lattice sites)
is split by the interaction, so that the vacancy energy ¢ =e becomes ¢ = e *. t,
Allowing the vacancy to have z near neighbors would result in ¢ = e * zt.
This. result for the width of the vacancy band is essentially the same as
Co . . .21 , .
that from a more detailed calculatlon,——/ and illustrates the formation
of the band.
' . _ 12-20/ .
All the previous vacancy measurements——— have been interpreted
in terms of the usual localized vacancies. Attempts have been made to use
delocalized vacancies to explain deviations from normal vacancy behavior in
13/ 20/ ’
heat capacity= and x-ray— . measurements, but have not been successful.
: . . . . .13/ 20
The vacancy formation energies obtained in heat capacity= and x-ray—
work also appear to differ from each other, especially at high molar volumes.

This disagreement is typical of the situation: it is believed that the prob-

lems are connected with delocalization, but théy are not explained by the
21-24/ '

present theories.

The original goal of this work was the study-of vacancies in bcc
“He. Solid “He,is somewhat simpler than 3He since there are no nuclear
spins. Because of the different spin states of the two isotopes, the de-
localized vacancies in the two solids are qualitatively different. In L’He,
the excitations are waves, with well-defined wave vectors, while at high
temperatures in 3He, the vacancieé move by diffusion since the random spins
: e 22/ o ,
destroy the periodicity of the lattice.~— 1If the delocalization of vacan-
cies is important, then a qualitative difference in the nature of vacancies
in “He and 3He should yield more understanding of the whole situation.

The present measurements of vacancy concentrations are made with
25/
e §

x-ray diffraction using the well-known Simmons and Balluffi method, in



which the concentration of vacancies xv~is given by
x, = 3(a1/1 - da/a) . (1-1)

01/1 is the cﬁange in macroscopic length of the crystal,-aﬁd Aa/a the
change in lattice parameter; both with resbect to some low temperature
reference state in which there are few thermal vacancies present. Fof
experiments which aré done at essentially constant macfoscopic yolume'

- (such as the present one), Al/1l is zero, and the vacancy concentrétion is
given directly by ﬁhe change in lattice parameter. - It is impossible, how-
ever, to study ch “He directly using this teéhnique; the bec phase does
not exist in a large enough temperature range to allow determination of
tﬁe low temperature reference state ﬁecessary for the vacancy measurements.

To ovércome this difficulty, the present wérk in bece mixtures of
 3He and “He was undertaken. A small amount of 3He added to pure “He re-
'sulfs in an enlarged béé phase in the solid. This enlérgement is showmn

in Fig. 2, whichtdepiéts the low ﬁréssure phase diagram.fof a mixture with
5% 3He (x3=0.05). lThese sound veiocity déta of Vignos and Fairbankgé/ show
that even With'X3=0.05, the bcc phase is already much iarger tﬁan in pure
“He. . Through the study dfzvacancies in 3He-“He mixtures, it is hoped that
the behavior'of vacancies in pure “He canibe ascertainéd.' Further interest
in study of vacancies in_hélium mixtures is due to the NMR measurements

made by Miyoshi, Cotts, Greenberg and RichardSon.gZ/ They found vacancy;
activation energies in a 32% mixture (x3=0.321) that correspond to a vacancy
concentration of ~27 at the melting temperature. Further study of this re-
sult is clearly‘of interest. Finally, because the experimental apparatus

co . ] ] ' ' 20
lias been improved considerably since the vacancy measurements of Heald,——/



figure 2. Low PréssureleT phase diagram for x3=0.05. 'TheAsolid
' lines show the phésé boundaries for a mixture Qith 5%
SHe (Xg;O;OS). The dashed lines show the pure “He '

melting line, A line, and Ecc—hcp transfofmatiéﬁ. AO.OS

is the A transition for x=0.05, and A_ is the A line for
puré “Hé. Note the increase in size of the bcc phase in
"thevmixture compared'to that of pure YHe. Thé meltingi

curve minimum is also made more prominent by the addition

of 3He to the “He.
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knowledge of yacanciés in 3He, and particularly the effect of delocaliza-
ﬁion on tﬁeir behavior, can be improved.

The‘study'of éqlid'helipm mixtures also haé two.benefits unrelated
to vacancy knowledge. The state of knowledge of the bcé-hcp transformation

in mixtures as a function of 3He concentration (x3) and pressure (P) is not

satisfactory. The P-T phasé diagrams published by Vignos and Fairbank,gé/

Miyoshi,_gg_gl.;gzl Berman and,Rogers;gg/ and Grigor'ev, Esel'son, and
Mikheevgg/‘do not seem to be.self-consistent with respect to the bce-hecp

transformation. The consistency of the various melting curve determina-

tion329121432:§§/ seems somewhat hetter. The present experiment is the

firsﬁvto study mixtures with x-ray diffraction. The present work may
be able to sﬁéd some light on the discrepancies in the phase diagfams men-
tionéd above.A |

One impdftant feature of the mixture phase diagram that is s;ﬁdied

in great detail in this work is phase separation. Phase separation of

34/

liquid 3He-”Hg mixtures is well known.— ‘Separation of the solid mixture

into 3He-rich.and 5He-rich components on cooling below the phase separation

15/

temperature (T s) was first seen by Edwards, McWilliams, and Daunt— in .

1962. A more complete study by the same authors later in 1962§§/ found.

that Tps=0'38 K for x3=0.5 and P=3.63 MPa. Later experimentaléé:ég/ and:

.'theoreticalﬁgj work has confirmed the existence of ph;se séparhtion iﬁ thé
golid.

Phase separation is interesting in heliuﬁ because the atomic tunnel—"
ing and exchaﬁge that are present in solid helium allow the macroscopic sep-
aration into two components to proceed on a reasonable time scale. The

present investigation is very useful, because it (1) makes the first
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microscopic measurements of phase separation in concentrated mixtures,

(2) makesAthesg'meaSurements over a much larger pressure range than any
previous étudies, (3) allows accurate determination of the phase separation
tempeérature Tés; and (4) makes infereﬁce of the low tempera;ure phaée diaf- 
gram possible. Phase separation data are also useful because thermodyﬁamic
information'ébout the mixture in ggneral can be ébtained from the Behavior
of the soli& at<phgse separation.:

The final reason for the éresent work is that X-ray absoldge-lattice
'parametefs méy no& be meaéuréd with the present Xfrayldiffrac;ometer with.
an accuracy 6f about 300 ppm. This equipment, in'Conjunctioﬁ”wi;h:the |
3Hefl’He dilﬁtiqp'fefrigeratof usea‘in this work, makes absolute lattice
parémgter-méasﬁrements possible at temperatures of OLOS K. This éaﬁability
is of mﬁch use in understéndiné vacancies in helium, aﬁd in the study of ’

phase separation.
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II. THEORY

‘The fact that the substance studied in this work is a mixture of
'ﬁwo isotopes is perhaps the dominant factor in thelresults which are pre-
sented in later chapters. A brief summary -of thef@odynamic resulfs Whicﬁ
are.relevantItQ the present study is therefore given ﬁére. The mixtuge
thermodynamics_tﬁen naturallyleadsto two iﬁporfant‘points: an-explanation
of the phase separation which occurs in solid heliumtmiXtures, énd a disf
cussion offthé iﬁteresting low'témberatufe.ﬁhase diégraﬁ of 3He-"He mixﬁures.

Tﬁe lasf half of this chapter is devotedAto'fhe_étudy of vacancieéL
A general re&iéw of the felévant thermodyhamic relations is given for'the
.ﬁormal caSe of_ﬁén4interacting monovacancies in a homogeneous host crystal.
Vacaﬁcy cbntrigutidns to the measured ptéperties of the ;rystal, suéh as
heat capacity‘éga thermal expénsion, are a useful result of'this discussion.
The section ié concluded with short discussions of various coﬁplications to
the'non;interacting.monbvacancy piﬁture; Inéluded ére multiple vacancy
' aggreéates, solute—vaéancy binding in the mixtures, and delocalization 6f'

. . ,
vacancies.

A. Mixture Thermodynamics

1. Regular Solution Theory
A general review of the thermodynamics of regular solutions is
given below. Solid helium mixtures turn out to be nearly regular solutions,

although fér reasons far different than the usual ekplénation of regular
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behévior of'a soli&.ég/ In the Aiscussion that follo&s, the Helmholtz
free energy F is used becauée most solid helium expefiments‘are.done at
esséntially constant volume. The Gibbs free energy G will be referred to
from time té time, in order to make contact with usuallthermodynamic treat-
ments. In chis_chapter,:and'throughout the rest of this work, all energies
.will be measured in degfeeé. Thus entropies are simply numbers. In general -
molar quantities are used. For clafity in this chapter, the 3He concentra-
 tion X3 islsoﬁetimes caileé X.

Thé‘ffee'energy of mixing, fM, is defined as tﬁé chaﬁge‘in free
energy 6n mixing of two:pure substanées:A |

'fM = f(V,T,x) - xf(V;T,x=l)-- (1-x)£(V,T,x=0) 4. (I1-1)

There are similar expressions for other quantities, such as the energy of
M M | M

mixing a , the entropy of mixing s , and the pressure of mixing p.. The
"relationships between Gibbs and Helmholtz free energies still hold,ﬁl/ such
as

e Mo . o (1I-2)

where gM is the Gibbs free.energy of mixing, andvafis the volume of mixing -
given by

VM = v - xv(x=1) - (l?x)v(xfO) .o ' © (1I1I-3) 1

An important point is that the usual derivatives are also'valid, for example

M
.8

- (an/aT)V | | | O (11-4)

M

o
I

_ (8fM/8V)T A | (i1-5)
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A discussion of the energy of mixing ﬁM_is useful at this point.
‘Consider -a hélium crystal with Nx 3He atéms and N(1-x) “He atoms, with a
lattice coor&iﬁatipn number z (z=8 for the becc lattice). 1In this case
there are as nearest neighbors Nzx2/2 pairs of 3He atoms, Nz(l—x)2/2 pairs
_of “ﬁe atoms, and Nzx(1-x) péirs.of one'3He,ahd one “He atom. If the energy

of a nearest neighbor pair of atoms is defined to be e,., where i and j are

. ij
either 3 or 4 depending on the isotopes of the atoms involved, then eij=eji'
The molar total energy of the crystal due to interatomic interactions is
thenﬁg/

[=
1]

[§2x2e33/2 + Nz(1-x)%e,,/2 + Nzx(1-x)es, | /N’

(11-6)

es3 + euu}

2z Xes3s + (l—x)e44'+ ZX(l-X) [634'- 2

2
. . . . ' ‘ s M
Rewriting this equation in terms of the molar energy of mixing u , and

noting that u(x=1l) = %'ze33 and u(x=0) = %—zeuq, we have

Mo : eg3 + eyy
u. = u -u(x=1l) - u(x=0) = zx(1-x) |egy - —

o= x(l-x)w ) A . (I1-7)

i

w is called the interaction energy.

A solution is called ideal if w= .ﬁé/ Therefore, for an ideal
'solutién uM=0, so that
M., M o
f (ideal) = -T s (ideal) = T[x&n(x) + (1-x)4n(l-x)] . (I1-8)

" A more useful characterization is that of a regulér solution, which has

44/

sM=sM(idea1), but with w#0.22 The differences between ideal solution

properties and those of a regular solution (or in fact any solution) are
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uSually‘discussed in terms of excess properties. For example, the excess
o B . . SR
free energy, f , is defined as the deviation from the ideal free energy:

£F = M - Mideal) . (11-9)

. e ' . E
In regular solutions, properties such as the excess energy u , excess volume
E . E . . . e S L. M M
v, and excess pressure p are identical to the mixing values (u’, v, and
M . M M M P . :
p ) because we have u, v, and p equal to zero in an ideal solution. Thus
for a'regularvsolution,

'fE = uM uE = x(I-x)w . . (1I-10)

it

PR . . . L ' . . E
~The sign of the interaction energy w (or .equivalently the sign of u’)
- determines the behavior of the system at low temperatures. If w<0, then the
atoms are more likely to be found next to the other isdtope‘present. This

‘ . ' . . . o , 44/
results in ordering or clustering of unlike atoms at low temperatures.— In
'solid helium w>0, and so at low temperatures where entropy effects are small,

the free enefgyvis lowered by minimizing the number of pairs of unlike atoms.

This is the basic_cause of the phenomenon of phase separation.

2. Phase Separation

‘Beforé a detailea discussion‘of phase separation, a qualitatiye
look at sévetai,diffefent ?hase diagrams is useful. In.Fig. 3'the relatién—
ship betweeﬁ ﬁhe free ehergy (F) versus x diagram and-the T-x phase diagram
are schematically shown for a Hypothetiéal material‘ét three different '
tempcratures. |

The simplest.of the three diagrams is (b), which shows a single
phasévregion. The mixture is in the soiid a%phase everywhere because at

T=T,, the free energy Fa is everywhere smaller than F

&~

1iq Flgure 3(a)
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* . Figure 3.

Phase Diagram Examples. Three sample T-x pﬁasé diagrams, | ' -
apd_their associated frée energy F versus x diagrams. (a)

sh§ws fhe liquidus-solidus region éf thé phaseAdiagrams,

At témﬁerature T=T,, fhe coﬁcentration of the liquid present

is xliq=xB? while x (b) shows the single phase re-

solid *A°

gion with T=T,. The free energy Fa of the solid a-phase is

everywhefe lower than F (c) ShoVs the solid phase separ-.

liq’

ation at T=T3. Solid in the a-phase at.x=x_ can lower its

E

total free energy by separating into two components which

= ; - " N L '
have x Xo gnd xvxD. The "hump" in F between X, and Xy is due

to the £ = x(1-x)w term in F, where w>0. If w<0O then the
"hump' in F is inverted, so that phase separation does not

occur. xA and Xps and Xe and X, are determined by a line

(dots in a and c¢) drawn tangent to the free energy minimums.
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shows the»situafiqn at a higher temperature T,, where_part of the mixture
-is solid and ﬁéft is liquid.' The two minimums inlthé~F—x picture mean that
there is a mixed phase region. At this temperature, ahy solid in contact
with thg liquid has a concentration x,, while_#he iiquid has a concentration

A

Xp- The curves in the:T-x picture on which the solid and liquid conéentra—
tions (at this gemperature T;) are found are called respectively the solidus
:and the liquidgs.‘ As an example of the use of this-T—x‘diagram, suppose one
has a liquid‘éith concentration Xp» which one cools in an attempt to/grow a
crystal. When the temperéture reaches T, sblid would form. However, the
solid wéuld have concentration X, On further cooling, the concentration
of the 1iquid present would follow the liquidus curve, anﬁ the concentration
of the newly grown solid would follow the solidus curve, until the sample
was fully solidified. This type of behavior is generally true in other kinds.
of mixed phasé regioné.

Phase separatiqn (sometimes-cailed a misciﬁility gapﬁé/)lis shown
in Fig. 3(c). As can pe seen in the F-x diagram, F no longer has a simple
'éhape. The solid solution is unstable between concentrations Xq and Xp.

When xc<x<xD, the solution then separates into two parts, one with:x=xc; and

the other with'x=xD. The two inflection points between'xC and X, in the F-x

diagram are called thé spinodes. At concentrationsxbetween the spinodes,

the mixture spontaneously decomposes,; while outside ‘the spinodes, the de-

44/

composition must take place by nucleation and growth processes.— A useful

approach to the subject of composition fluctuations has been made by Cahn
and Hilliard,ﬁé/ but this is clearly beyond the scope of this work.

The temperature of critical mixing, Tc’ is the highest temperature

at which phase separation occurs. This is dectermined by finding the
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‘temperature at which the minimum in the free energy fM becomes flat, i.e.é;/
M, : o
of Jax = 0 - (11-11)
- and
26M/0x2 =

o . o S (11-12)

The calculation of TC for a regular mixture is straightforward.

For a regular .solution we have

f =u —-T SM-= x{1-x)

£

+ T[%ln(x) + (l—x)ln(l—xi] (11-13)
since u  is given by II-7 and s by II-8. Substituting into Equation II-11
yields

Te " w(2x—1)/in(l—}_{£) S  (11— 14)

'This equation.giﬁes the phase separation temperature'Tps aé a function qf
concentration. -

To obtain the felaéi@nship Between Tc and w; Eqﬁation I1-12 must
be employed.' Substituting II-13 into II-12 gives

1

;(—1-_—}{-)— (I1-15)

2w/T =

‘At the maximum of fhe Tps curve; x=1/2, II-15 gives Tc=w/2' Therefore,
the phase sepéfation curve for a regular solution is given .by Equation II—l&,
with w=2TC,‘ . ' |

T = 4TC(x-1/2)/zn(I§;). . (1I-16)
This equation describes a curve which is symmetric aBout x=0.5 and which

reaches its peak temperature TC at x=0.5. TC is in general a function of

volume (or equivélently, a function of pressure).
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There are several quantities of experimental interest. that can

now be discpssed. The excess pressure due to phase separation has been

measured by Panczyk, gg_gl, éé/ In regular solution theory; we have
M_E oM, . . g I '

P =p , where p is defined in Equation II-5. Using II-9 and

pE'= 4(8fE/8V)i ‘ (11-17)

we find

p7 = wx(-x) (W/aV) = ~X(1-x)2(dT_/dV) . (II-18)

The excess pressure pE is therefore determined by the volume dependence
;Qf TC (and hence‘w)., The excess volume on phase éeparation can be deter-
mined by performing the analogous calculation using the Gibbs excess free
40/ ' ‘ |
energy:—

"o =~(agE/aP)T = x(1-x)2(dT_/dP) . - (II1-19)

AMullinﬁgf has made a quantum mechanical calculation of pHase sepa-
ration effects which is based on a generalization of the Nosanoﬁ theéryziﬁfy

pf the puré phasgs of solid helium. His calcglation finds 4

'vE = —-ex{(1-x) ;' o Al : (I1-20)
 where c=0.4 cm3/mol. This result is especially important Bécause it has
~been used in- the determinatioﬁ of all helium mixtgre ﬁoiar Yolumes invali
:previoqs work.l See also Equation IV-1. |

The other major result of Mullin's theoretical treatment is that

a small deviation from regular solution behavior is found. In particular,
gE(x,P) = x(1-x)[a(P) - b(P)x] . (11-21)

At 3.63 MPa (the pressure of the Edwards,.gglgl,ééf measurements), a v1.0 K, -
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while bv0.1 K. This non-regular behavior should cause the Tps—x curve to
be ﬁpsymmetric,'wi;h the low x part of the curve at higher temperatures
than predicted'by'II—l6. The calculation also gives TC%O.47 K, compared
to the experimental result Tc=0'38 K of Edwards, gg_él,éé/ at 3.63 MPa.

One final result is obtained by comparison of Equations II-19 and II-20.

Mullin's theory thus predicts that ch/dP N4 mdeg/MPa,

3. Phase Diagram of Solid Helium Mixtures

Solid helium is an excellent material with Whicﬁ &o study the
richness of phase diagrams that aré thermodynamically possible: many
interesting feétures are present. As an example,'one particular pressuré
has been chosen, and in this section the helium phase'diagram at that
preésure will be discussed in some detail. This discussion will sérve two
purposes: én introduction to the solid phéses present in helium mixtures
.at lew femperatﬁres; and an example with which to demonstrate some rules
Ifor phase diagram constructioﬁ.
| The Gibbs phase rule is the general rule which is used in the con-

44/

strﬁction of phase diagrams. It can be written as—
f=1 - ¢t 2 ' (1I-22)

where: f is tﬁe numbér of thermodynamic degrees of freedom, r is the npmger
of componenté in the mixture, and ¢ is the number of phases. As an example,
in a binary mixture (r=2), if there is a mixed phase region in which two
phases are‘present (¢=2), then f=2. This means‘that only two degrees of
freedom can BeAvaried while keeping the system in the same region of the
phase diagram. For example, the pressure and temperature could be varied

without changing the phase. A second example is three phases coexisting
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in a binary sqlﬁtion. The phase rule then allows the variation of one .
variable. A univariant line on a T-x phase diagram is such a case.ég/
The univariénts thét afe mentioned below are horizontal lines on a T-x
diagram becausevthe pressure and tempefature are fixed, so that thrge
phaseé can only coexist on the hﬁrizontal.univafianp line.

| The T-x phase diégram for 3He-"He mixtures at a pressure of 3.0
MPa,. as dfawnAby Tedrow and Lee,ég/ is shown in Fig. 4, along with the-
measuremeqtsééiééiﬁz;&gl on which the diagram is based. This pressure
was chosen beéause of the‘mény interesting features in the diagram, and
because tﬁis'ié'near the pressure at which some of the present work was
done. Thé first.importaﬁt point to be made is that much of the diagram
is uncertain, as there have been no appfépriate measﬁréments made along
many‘of the phase boundaries.

The pure J3He (x=1) and pure *He (x=0) behavior in this diagram is

ga;ily related to that seen in Fig. 1. “He is hcp from above 1.7 K to .
zero temperature, with only a small sliver of bcc along the melting liﬁe.
3He, on the othef hand, is bce from melting down to its lower melting
temperature (G). The liquidus (A) and solidus (B) are shown iﬁ Fig..é,
iapparehtly separated by as much as 0.2 deg. The single}data point on tﬁe

30/

solidus, that of Tedrow and Leé, is discussed in Chaﬁter V. Although

the difference between the two curves need not be as large as is shown,
the phase rule (Eq. II-22) shows that a difference exists,.and that this’
difference goes to zero as the pure substances are approached by changing

' . 42
the concentration. At some pressures, for example at 2.59 MPa,— there

is a2 maximum in the liquidus and solidus curves as a function 'of concen-

. tration. At this maximum, the liquidus and solidus curves meet al an
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Figure 4. Helium'pﬁage diagram at 3.0 MPa. The T—k phase diagrém~
for héliﬁm below 1.8 K at P=3.0 MPa is shown.here as drawn‘
b& Tedrowiaﬁd Lee.ég/ Several points'of‘intereét are noted:
A, liquidus curve; B, solidus éurve; C, éhase separation
curve; D,'“bcc;“hcp—3bcc hnivariant; E; L+hcp—3bcc—3liq uni-
vafiant;‘F; 3He upper meifing point; G, 3He lower'melting
. p;int; H, “He melting point; I, “He bece-hep transition; i,

mixed bcc-hep region. The cross—hétching below the phase

v

separation curve is a reminder that the sample never has a
composition x and temperature T which are inside this region.

.The data points'(and experimental methods) shown are: O,

30/

Tedrow and Lee> (strain gauge or susceptibility); A ,

47/

Vignos and Fairbank— (sound velocity); [] , Le Pair,

49/

et Q.ﬁ/ (pressure); @ , Baum, et al+™

. , Edwards, :e_té_l_.gél

(strain gauge);

(heat capacity) (Tps); V s

‘ Zinov'evaéé/ (visual obServatibn).
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azeotropic point, as they must to satisfy the  Gibbs-Konowalow rule.ég/ An

azeotropic point is the bnly ppint at whicﬁ a crystal can' be grown that has
the same coﬁcgntration as the liquid from which it is grown.

‘At low'éoncentratiéhs, a mixed hqp—bcc region exists. "Again, al-
though this mi#ed region muét exist, thefe is no condition on its width.
The endpoint is- not determinéd either. Although the mixed phase must ter-
minate at ajhorizontai.line (uni&arianf) when it meets the phase separation
curve (C), tHis could occur at any place along the phase separation curve.
Tﬁe daﬁa poipt'ét which it terminates in Fig. 4 is a héat-capacity deter-
mina;ion of the phase separation temperature, and has nothing to do'withi
"~ the mixed pﬁaée.

The phase separafion region in Fig. 4 is shown cross-hatched to
reinforce the idea that the mixture never'has a composition and temperature
which are underneath the curve (C). As a mixture is cooled from the bcc
bhase, i£ separates into tw6 components when it reaches the phase separa-.
tiop curve.:.Each component has tﬁe concentration given by the phase sepa-
ration curve at that particular temperature, as has been described in the
.iast section and Fig. 3. The phase separated region is split into three
parts by the two univariant lines (D) and (E).' The L’bc.c—,"‘hcp—3b<:c uni-
variant (D)fshows that at that particular femperature, all tﬁree of thésé
phases coexist., In this notation, Ybcc means that the “He—rich'coﬁponent.
“is bcc. At temperatures above this, both the “He-rich and 3He-rich com-
'ponenﬁs are only bcc along the phase separation cur§e. The univariaht (E)
shows the coexistencé of fhreg phases also: ”hcp—3bcc-3liq. As is shown
in tﬁe lower fight corner of the diagram, the 3iiq—3bcc mixed phase must

meet the phase separation curve (C) on the horizontal univariant (E) to
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satisfy the.Gibbs phase fﬁlef The width of the flat (horizontal) part of
' the phase_seﬁération curve that results is not known. ,it should be re-
iteréted that the relationship of the two univariantS»(b) and.(E)‘is not
'Afixed by experiment. None of the measurements~at thdse:temperatures have
de;ermined ﬁﬁe-hqp—bcc boundaries or the bec-liquid bouﬁdaries at loQ

temperatures.

B. Vacancy Thermodynamics.

1. Monovacancy Formation and Contributions
to Thermal Properties

The calculation of the equilibrium concentration of vacancies in
a homogeneous crystal at constant volume proceeds by minimizing the Helmholtz
free energy of the crystal with respect to the number of monovacancies present..

. The total free energy of the crystal at épnstant volume, F, is
F(V,T) = F°(V,T) +n f_(V,T) - Ten(W) | (11-23)

O . . : v .
where F~ is the free energy of the vacancy-free crystal,nv_ls the number
of vacancies, N is the number of atoms, fV is the vacancy free energy of

formation, and W is the usual configurational term:
= + !'/Ntn ! . 1I-2
W (N nv) /N n, ' | ( 4)

Note that except for différéncés in notatjon and emphasis, Eq. II-23 is.

exactly the result obtained for an ideal solution in Section A-1. (See

Equations II-1 and II-8.) By setting BF/anv=0 and using Stirling's forﬁulafa/

the concentration of vacancies X, is obtained:

n
. v
X

- — = gegxinpl(=F - -— i -
VN exp(=£ /T) exp(.eV(T b)) (11-25)
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The usual thermodynamic relations hold for the vacancy formation parameters:

f . =e -Ts ‘ | - (1I-26)

v v v
:sv '= —(3.fv/ 3T>V N ' ' _ ‘ (11-27) -
P, = ;(afv/av)T R ' o | (11-28)

s, is the non—configurational enFropy of‘formafion of a vacancy. The ex-
pression for pV, the pfessure of forﬁation of a‘vaéahcy at constant volume,
can be easily related to the quantity which is more.usﬁally.considered, vp,
the-Qoluﬁe of formation of a vacancy at constant pressure. Using II-28,

we have
xpv = -(afv/aV)T = 5(afV/aP)T(aP/aV)T . ) (11-29).

The number of vacanciées at any particular temperature and pressure is in-
" dependent of how they were formed, so
. g, = &, - 4 (11-30)
The derivation used to obtain II-25 is analogous to that performed in the

. constant pressure case to obtain gp. IT1-29 may now be simplified, since

| andl the isotherrﬁal bulk IIiOdUlU.S is defined as

N 1A : T3
B, =~ % [5plr - (11-32)

The result is therefore
P | |
Vacancy contribdtions to crystal properties can be calculated using

the expreséion for the crystal free energy, Equation II—23.§£/V Starting



with II<23, we have for the enérgy E
E=E 4+ ne . (11-34)
vV
The heat capacity of the real crystal Cv = —(BE/BT)V is then given by

c.=¢° ; n [}Be /3T) + e Z/T{] . " (I1-35)
v v v v v v ' -

- . K . . .‘ d . . .
If the heat capacity of the vacancy-free crystal, Cv , 1s known, then from-
‘the experimental heat capacity C; one can infer-information about vacancy
- formation parameters. This technique has been used‘dn solid helium most

13/

recently by Greywall.— In this case, Cvo was obtained from the theo-
reticalAcalculations of de Wette, Nosanow, and Werthamer.éz/

Vacancy'contributions to other properties are calculated analo-

gously.éi/ Seﬁérai useful results are

T T v Vv v oP T T -
a —-= p -
. - . \ )
-0 ’p 2 1| .
e i R + — 3T )P :ﬂII—37)
a | P .
- . , | -
.V -V =nyv . €1I1-38)
| vp , ~

Here;"xT is the isothermal compressibility, o is the coefficient of volume
thermal expansiong vp is the volume of formation, v, is an atomic volume,

and hp is the enthalpy of formation at constant pressure.

2. Divacancies and Vacancy Clusters
Aside from monovacancies, there may also be aggregates of vacancies
- - . .. 53/ :
present in a real crystal. In a vibrating lattice,~— and also on the basis

of general strain energy considerations,éﬁ/ the bindiﬁg energy between two
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near neighbor vacancies is expected to be somewhat negative, so that the
two monovacancies are bound into a single divacancy. Ignoring the exis-

.tence of higher order clusters and interactions between divacancies, the

: ' 2
derivation of the concentration of divacancies, xv( ), proceeds exactly
. . . 54/
as in Section B-1. The result is —
x.(J) = A, exp[-f (J)/TJ = A, exp[— ‘(J)/T) exp[s (J)] (11-39)
v o 3 v R v v

where j=2 for divacancies, Aj is a constant geometrical factor that depends

on the‘number‘of-ways'the defect can be oriented in the latticeéé/ (Ay=4

for a bcce lattiée), and fv(J), ev(J) 1)

, and s, are the free energy, energy

and eﬁtropy of formation of the cluster of j vacancies. Equatioﬁ 1I-39 is
’ 54/

true for larger clusters also.

The binding energy of the cluster of j vacancies can be defined

relative to fhe monovacancy formation énérgy ev(l):
G) _ .. ) _ @D : ‘ : oy
e = Jev e, "0 . | (I1-40)
Here; the binding energy of the cluster is eb(J). The size of_eb(J) de-

termines the effect of the cluster on the system. Using the binding energy

eb(J)’ the total number of vacant lattice sites in-the crystal (AN) may be

expressed simply:

 AN/N

totalh_ NG
Xy B § %

) jAj(xv)j exp[eb(j)/T] ,.' o ~ (II-41)
i .

In this equation, the cluster entropies have been ignored because no general.

(Z)‘and sv(l) for example) is evideﬁt in the measure-

ments that,have}been made.éi/'

' relationship (between s,
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3. Vacancy-Solute Binding

The biﬁding of vacancies to each.othef is not the only bindiﬁg

possibie. Whénéver‘there is a‘positive binding enegg&,between vacancies
‘and impurities in the crystal, some vacancies will be bound to impuritie;.éé
In the case qf:helium, the possibility of such a bindihg is‘sﬁown eaéily?
although theré are complicaﬁiohs which may overwhelm the fdliowiﬁg naive
argument. Atﬂsome preésure P (3;0 MPa, for example), the molar volume of
e is much 1a;ger than that of “He at the same pressure P. This larger
molar volume is fhe result of the smaller mass, and hence larger zero point
energy, of 3Hg.l/ Thereforé; when 3He atoms are présent in a lattice of “He,
they will be compressed, raising their' energy. _A_3He néxt to ‘a’vacancy
sﬁoul& have a lo&er energy, because the vacancylwill allow the 3He more
room, thus 1owefing its énergy. This naive picture is certainiy oversimpli-
fied. Fdr example, Locke and Youngééj have pointed out that formation of
this bound séate will localize the vacancy, therebf,raiéing its energy.
The size of the effect of this localization on the vacancy energy is unclear,
because the.effect of delocalization itself is not completely understood.
’Séc'Section B-A.fg; more diécussién of dﬁlocélizétigﬁ.' |

'Theré has been much study'of vacanéy—imp&rity binding in dilute
ﬁégallic solutionsiéi/ In the présent work, however;‘the concéntrations
of:solute and soivent are the same order of magnitude. .The large number
of vacancies preséht in solid helium preveﬁté any eaéy limitihg.case to be
studied. The derivation of the equilibrium concéntrations-of bound vacancy-
soiute states and free vacanciés'gs»straightforw;rd, but very complicated
ﬁnless apprdximatiéns are made thch are not valid here.

The reéults of the relevant derivation by LidiardéZ/ are given

here to demonstrate the method used. This is just an expansion-of the
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method used in Section B-1. If there are N solvent atoms, Ni solute atoms,
nV free vacancies, and Nip sblute—vacancy bound states (s-v's), then the

frge energy of the crystal is
. o . ,
= +. -f - ~ -
F=F + nva Nip(fv b) TZQ(W) , (I1-42)
‘where F° is the free energy of the vacancy-free ¢rystal, fv is the vacancy

formation free energy, f, is the s-v binding free energy, and W is the

configurationél¢term. n, and'p"are determined by minimizing the free

energy:
OF/3n_ = 0= 3F/3p . . o _’ (11-43)

: The difficulty is that W is complicafed:

W=AxBxC . ‘A - (II—445

A is the number of ways of arranging Nip s-v's on Ns sites:

(N;p-1) '
(2)M1P - | '
= 2L +N,p+n - : : II-
v e T lenemeee -] (11-45
it
. s=0 . .
where z is the number of near neighbors. B and Cfare,grespectively, the
number of ways. of putting the Ni(l—p) free solute atoms, and the'nV free
vacancies, on the lattice without either having a near neighbor of the
other or of the sfﬁ's already on the lattice.

AN )+l . -
B = NGRS : o (11-46)
[Ni (l—p{]! (N + nv)! . o

(N - zNi(l—p) + nv)! : : :
T W @] et - - (a-4n)

The difficulty in treating this general cdse is obvious.
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The problem is much'simpler in the dilute mixture case. When

- . 57 ’ .
Xsolute<lo 3, one flnds——/ for the total concentration of vacancies

tot

X = exp(va/T) [l - zx exp(fb/T) ‘ (11-48)

+ zx
solute solute

This result, which was apparently first derivedvby‘Lomef,ég/ is good only
for xsoiute<10'3,_even though it has often been applied to much higher
' 59/ | | ‘

concentration mixtures.==

4. Vacancy Delocalization

The delocalization of vacancies in 3He and ”HeAhas been discussed '
by several wérkérs, including Hetherlngton———ggl Guyer, 22/ and Andreev.ég/
The‘motion pf vacancies in “He is generaily believed to be wave-like, while
the vacancies .in 3He move by diffﬁsion. As discussed in Chapter I, thé
effect of the large tunneling freqﬁencies of the hélium atoms in the solid
is to cause the vacancy formation energy to split:into a.band of formation
-ehergieg.' Tﬁe most detailed calculatioﬁ of.this vadaﬁcy band is that‘of
Hethering;on,gi/iwho has used as the basis of his work the Nosanow theory
0. 2,46/ |

Tbe two ﬁain resﬁits of this éayculation, howeygr, are somewhat in
disagreemént with experiﬁent. Hetherington calculates the tunneling p@raﬁ—
eter t,Afinding a value tv0.7 K. This sﬁould be co@pafed to the valué of
t inferred from NMR experimentsl§—l2-§l/ which varies from 0.04 to 0.2 K.
His result fdf'the minimum vacancy band energy is also too high yhen com~
ﬁared to‘experiment. This may be related-to the fact that lattice relaxa-

tion around the vacancy has been ignored, so that there is a term in his

energy which should be Pvp instead of Pva. Inclusion of the correct vacancy
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formafion volume'could significantly lqwer thg energy,Asince Pvalis of
the order of 10-20 K.

A phenqmenological approach to the problem has also been attempted. .
One method SuggeSted by Hetheringtongé/ is the.use of an analytical approx-

_imation to his calculated density of states for the vacancy band. The use

of this function,

 p(E) = N(E-0)" exp(-2(E-¢)/0)  E > ¢

=0 : ’ E<¢ , (11-49)
allows analytical calculations to be performed. Of particular interest in
the present work is whether any  non-exponential temperature dependence in-
the vacancy concentration should be visible. As shown by.Heald,gg/ use of
I1-49 gives

x& = F(0,B) exp(-Bd) (11-50) .
_ where B=1/T, ¢ is the band minimum, and

F(0,8) = (1 + oB/2)™> . - (1I-51)

Precise enough x-ray vacancy measurements should allow measurement of this

R P : i
extra temperature dependence if it is present.
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ITII. EXPERIMENTAL TECHNIQUES

A. Introduction

Following.the pioneering x-ray study of vacancies in solid helium

by Balzer and Simmons,ég/ a great'stride was made by Heald with his study

of vacancies in bcc 3He.39/' The dilution refrigefatof cryostat that he
designed, built, and used for that work solved many 6f.the problems asso-
ciated with the work of Balzer andlsimmons. It allows careful crystal
preparation and adequate time to perform the delicate_Qécancybmeasufements.
| Described in détail in this chapter are major-improvements to the
X-ray diffractometerAsystem. These greatly improve the consistency of
the vacancy measurements and also make precise absolute lattice parameter
measurements:pdssible; Another improvement was made iﬁ the area of temper-
ature measureﬁént, where a new measurement briége, new thermometers, and
new and more comblete calibration of those thefmometers’improve the re-
iiability of the temperature méésurements. Also described inAthis chapter
5ie the qperatibn of . the cryostat and dilution refrigerétor, crystal growth,

and the measurement of the concentration of 3He in ‘the helium mixtures

~ which are the subject of this work.

~ B. Cryostat and Dilution Refrigeralor

i

The rigid tail cryostat and dilution refrigerator used in this

4. 83/

work was designed, built, and described by S. M. Heal The cryostat

is of rigid tail'design so that (1) the sample cell stays fixed in space
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regardless of the levels of liquid helium or liquid nitrogen in the cfyo—
stat, and (2) ﬁhere arelno cryogens in the path of the x-rays. A cross-
sectional view'is shown in Fig. 5. ' The dilution refrigerator is based:

on a simple désign given by Anderéon.éﬁ/ The refrigerator is shown in
Figf 6, Which élso shows the present position of the heaters and thermom—
eters. Figure 7 shows the present’configuratién of the dilution refriger-~
étér pumping Sysfem.

Some mention should be made of.the numerous low temperature leaks
which developed. - ihese included leaks in the sample cell high pressure
seal, dilution refrigerator inlet, and exchange gés pumping liné, all of
Qﬁich appearedAoﬁly at 77 Klor Below. Probleﬁs were also caused by cracked
"welds bé;ween the pumping lines and the flanges in ﬁhe probe (the probe is
"the dilﬁtion fefrigerator and its pumping lines, and lifts out of the
cryostét)Q After months of conservative efforts, the problems were solved

by'femaking all'accessible joints on the proBe. Soft solder and/or epoxyéé/

Qére Jsed to fix the crgcked welds. - These changes necessitated rewiring
the cryostaﬁ,.which helped correct some long-standing problems in that
area. |

The operation of thé refrigerator has been refined, eSpecially
‘since the qalib?ation'of the carbon thermometers on the still and the “He
cold plate ("pof"). The starting and qormal pperation of tﬁis.dilution
‘ffefrigeratorAapétnow underst&&d. “As the 3He73He mixture is ‘condensed
into the réfrigefator, the pot témperature warms to aBout 1.8 K, while
" the stiil warms to 1.1 K. As more mixtureAis forced in, thé'still begins

‘to act as a 3He refrigerator and starts to cool. This allows the pot to
H R . |

return to its normal operating temperature of about 1.2 K. When enough
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Figure

[

S

Cross-sectional view of the cryostat used in the present

wofk: '(A) Upper o-ring plate showing pumping lines.for the
dilution refrigerator, exchange gas, and “He pot, along |

with pdftézfor transfers and electrical leads. (B).Stain—Al
less steel Bellows to absorb thérmal contractioﬁ. (C) Nitro-
gen réservéir vent (fill tube on opposite side) shbwing o-ring
seal.and'stainless steel bellows to absorb therﬁal éohtraction.
(D) 10 & gold plated brass liquid nitrogen reserQoir. (E) 5 2
stainless steel helium reservoir. (F) Main vacuum pumping port.
(G) Fibergléss supports. (H) 1 K-cold plate. (I) Sample 4
éhambef; (J) Beryllium x-ray windows, fhe outer one ist.OS cm
thickpand-the inner 6ﬁe is 0.025 cm thick.” (K) 0.0012 cm glumi—
nizediﬁylar X-ray wigdow. (L, Lo, ﬁé) Indiunlp—rinéé. M) Connec;
tion.fgr'vacuum gauge;. N Supporﬁjflange.VA(O) Removable top

plate.
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Figure 6. Cross-sectional view of the sample chamber, including the
dilution refrigerator: (A) 1 K cold plate ("pot'"). (B) Flow
impedance. (C) Still. (D) Still thermometer (carbon).

(E) Coaxial tube heat exchanger, Inner tube is 0.04 cm o.d. X
0.025 cm i.d. cupronickel, Outer tube is 0.12 cm o.d. x 0.1
cm i.d. cupronickel. (F) Mixing chamber with sintered copper
filling. (G) Germanium thermometer (#G15559). (H) 0.0012 cm
aluminized Mylar x-ray window. (I) Pot thermometer (carbon).
J) 3He fill line, 0.08 cm o.d. x 0.015 cm i.d. stainless steel.
(X) Tﬁermal ground for electrical leads. (L) Graphite support
rod. (M) Nylen support for lower 3He fill line consisting of
vl m length of 0.04 cm o.d. % 0.025 em i.d. cupronickel tubing.
(N) Carbon resistance thermometers. (0) Control heater.

" (P) Sample tube. (Q) Gradient heater. (R) Germanium thermom-—

eter (#G15678).



(o))
o

000000600




40

Figure 7. Dilufion3fefrigérator pumping system. Ihe diffusion
pump is a CVé model KS-200 pump. The sealed forepump
is a Welch,model 1402 KBG. The oil trap is a 2;5 cm

<tubeAfilled with copper mesh. vA aot.by a valve‘iﬁdi—
cates that_it is open during normal~operati§n. .Tél

and TC2 are thermocouple vacuum gauges.
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' liquid collec#s in the still, the refrigerator starts. While at low
temperatures, the still temperature is maintaineq at about 0.7 K by the
still heateg.' This heater also allows easy control of the cooling power

;of.the~refrigefator. |

Temﬁeratures as low as 0.055 K were easily obtained with the re-
ffigeratof. 'Héwever, affer two to three weeks of continuous operation
the.refrigefator becomes plugged. Now that there aré calibrated ther-.
mometers on the‘still, pot, and at the bottom of the helium bath, it is
clearlthat'hydroéen from the pump oil is mainly'reéponsible. Three ac-
tions can helpAalieviate this problem: (1) replace the molecular sieve

.in the 77 K cold trap more often, (2) pﬁt a more effective oil trap after
the sealed forepﬁmpAin the refrigerator pumping systeﬁ, and (3) warm the
bath and réfrigerator above 35 K while pumping out the hydfogen that has

collected in. the refrigerator.

C. High Pressure System

The High pressure systéﬁ and Lucite samble cell are basically
unchanged from‘pfevious work,gg/ although'éevefgl miﬁdf'additions have
beén ﬁadg.' The bfesent configu#ation'of the s&stem is shown in Fig. 8.
The baSis of:thé.system is tﬁe separator, whiéﬁ aliows ﬁigh pressure “He
ts'présSurizebthe 3He (or mixtu;e in this case) with a stainless steei
bellows arrangement. Changes wére made in the'system to make.the prepara-
tion of 3He-“He ﬁixtures and tﬁe measurement of their ratio of 3He to “He
" possible. Sample preparation and analy§is are described in a later section.
The'Lucite sample cell, which is shown in the inset of Fig. 8, is

20/

similar to those used in the previous work.— One change in the cell
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'Figure 8.

High pressure gas handling system and sample cell. -All

fubing is 0.16 cm o.d.

x 0.025 cm i.d. stainless steel.

“He gauge.is Heise model CMM 4526 (0-5000 psia), and 3He

gauge is. Heise model CM 4527 (0-2000 psia). -The metal

bellows-sealed separator used to pressurize the 3He is

shown'échematically.

cell.  Note the spike

rotation. The valves

electrically'operated

pressurization of the

The inset shows the Lucite sample

of In solder used to minimize crystal
on either side of';he sepafatdr are
solenoid valves which. prevent over-

separator.
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itself is that there are flats on the wide part of the bottom of the cell;
anq op the nut, so that wreﬁches may be used to tighten the nut on the
cell. This small change has made a significant improvément in the ease
with which the.sample cell is sealed. The second chaﬁge was made because
the first crystals grown (crystals 1-8) showed an unnerving tendency to
rotate in the cylindrical sample cell, sometimes at speeds as high as
1 deg/min. To .counter this problem a small (<‘1 mm) spike of indium
soider was pla;ed on the stainless steel fill line inside the cell. The
spike destroys.the cylindrical symmetry of the cell and has improved the
stability of'the crystals. Although the crystals still rotate, especially
near the melting temperature, this rotation usually is now measured ‘in
hundredths of degrees iﬁstead of tens of degrees. |

Originally intended to be a major improvement in the capabilities
of the system was a capacitive strain gauge mounted on the sample cell.
This would méke éccurate pressure measurements possible during the ex-
periments. It had been found previouslyzg/ that a large BeCuvstrain gauge
‘(similar to thét used by Straty and Adamséé/), mounted at the bottom of
the sample cell, made crystal growth all but impogsible. Thgiefore, a
;train gauge was designed, built, and tested that (1) had small thermal
E%ass, and was made totally of Lucite, so as not to intéffereviith crystal
growth, (2) measured the actual pressure on the crystal, notdthat at the
end of the cell, and (3) did not interferé with the x-ray experiments.
'Unfortunately, the last characteristic forced the plates of ghe capacitor
to be so smalltthat the éauge was too insensitive to be useful. Details

on this attempt are given in Appendix A.
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D. Temperature Measurement and
Thermometer Calibration

The ﬁajor change made in the cryostat and its associated elec-
tronics hgsjbeeﬁ in the temperature measuremeﬁt apparatus. ‘A new four-
terminai ac fesistance bridge is used which eliminates all lead resisfances
froﬁ the measured thermometer resistances. New gerﬁaniﬁm thermometers are
employed which are useful to_much lower temperapures‘than those used pre-

- viously. The'new thermometers are more thoroughly calibrated than before..
Several calibration metﬁods have been used, includiﬁg the use of a NBS Super-
conducting Fi#ed Point devicé. Previously uncalibrated carbon-thefmometers
on various pér#s.of the dilution refrigerator have beén calibrated by com-
parison with a calibrated germanium thermometer, allowing much more effec-

tive operational control of the refrigerator.

1. Four-Terminal Bridge

The féur—terminal ac resistance bridge used here is a modification
of a bridge described by Rubin and GolahnyéZ/ (which itself is a modifica-
| 68/

tion of the original Qersion of FEkin and Wagner—' ). A simplified schem-

atic is shown in Fig. 9. One of the most important features of the bridge

. ié the use of low power bipélar:input operétioﬁal amplifiers é;pamps),ég/

for which bapterieé may be used,as the power supply, thus limiting the 60

Hz: pickup byAthe bridge. A phase sensitive loék—in amplifier 'is used as

the output stage of the detectof, as is usual with.ac.resistance bridges.ﬁl/
Two changes have been made in the bridge design of Rubin and Golahny.

The fourth opamp, which was used as a preamplifier, was removed. This pre-

amp caused additional noise, while the gain was unnecessary because the
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Figure 9. Fbur—terminal bridge. The three opamps Al;'Aé, and
"Aj are‘Analog Devices ﬁodel 153 J. Transformer T; is
a Unitéd'iransformer model 0-1, and transformer T, is
a Triéd'G—ZQ. The decade resistor is a Gen;ral Radio
model 1433-F. Capacitors C; are 110 uf, capacitor C,
is 6.85 uf; and R, is 100 KR. The resistance of the
germanium-;hermqmeter (Rth), and the .lead reéistances

(RL ) are shown separétely.
i
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70/

lock-in amplifier used— already had adequate sensitivity. The second
.change was the addition of capacitors C; and Cy, resistor Ry, a shorting
plug across éz.gnd Ry, and the bias adjustment to opamp A; (see Fig. 9).
The pﬁrpose of these additions was to prevent any dc current from flowing
ithrough tﬁe thégmometerf This can cause heating at low temperatures.
Experimentally, it was found that with these improvements and the shorting
plug removed, there were no overheating probleﬁs even at temperatures as
low as 0.025'K.

The'present four-terminal bridge is much more effective than the
three-terminal bridgegg/ that it replaces, especially at low temperatures.
Great care Qas taken to assure that the power level of ﬁhe signal put
through the thermometer was not large enough to cause héating in the ther-
mometer. The usqal rule—of—thumel/ for the power dissipated in the ther-
mometer is thatts)<(3X10’7)T”'5. Because the power actually dissipated
in the thefﬁdmeters is not measured, but is calculated, a safety factor
of 2 in temperéture (a factor of 20 in ﬁower) was used here. Thelattenu—
ation of the signal input is adjusted so that the power dissipated at
T=0.6 K 1s 3x107!lW, while that used at 0.025 K is 9x10;15wi

The wide range of input power used has brought an important feature
of the bridge to light. The resistance that is_geasured is a function of
thévpower leQel uséd. As the poﬁér level gets smalléf, the measured re-
sistance goeéAﬁp: with P=9x10’15W, the error for a 10Q resistor'is 90%,
while if is only 6% for resistors between 100 and 10 kQ. In practice this
is just an anndyance. All the thermometers have been calibrated using
this bridge af specific pbwer levels between specific temperatures; There-

fore the power dependence should not affect the measurements made using

this system. ..
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2. Superconducting Fixed Point Device

and Bridge

A supercoﬂducting fixed point devicelg/ w;s obtained from the
National Bureap of Standardé, and used to assist in thermometer calibra-
tions. Anmﬁualinductancé bridge, from a simple deéign given by Soulen,

"+ Schooley, and Evans,lé/ was used in conjunction with the device. A sche-
matic showing both the device and the bridge is given in Fig. 10. Tﬁe de-
vice and bridge measure the superconducting transiti;ns of lead (7.1999 K),
indium (B.ﬁleIK), aluminum (l.i796 K), zinc (0.851 K), and cadmium

(0.519 K) reproducibly to *1 mK.Zé/ Note that the temperatures quoted

are from the.EPTf76 temperature scale.zg/

The device itself consists of ﬁwo concentric coils wiﬁh long, thin
cylinders of-the five materials inside. A similar set of coils is the
basis of the bfidge, and thus will be described in detail. The primary
is 400 turné-of #38 Cu wire. (Formvar coated) wound ié two léyers‘on a
0.6 cm o.d., 2,5 cm"long bakelite cylinder. The secondary is 2000 turns
éf #40 Cﬁ wire (Formvar coated) wound on a 1.1 cm o.d., 1 cm long bakelite
cfiinder which fits over the priméry. Both coils are cévered with GE 7031
varnish. ThevresiSCancé of the primary is 18.2 Q, while'tﬁag of the secon-
. dary is 294 Q.
| | The rgfefence signal is input, and the outputAanalyzed,'by a
phase sensitive loqk;in amplifier which is operated at 230 Hé. The vari-
éble,nten‘turn,lo KQ poteﬁtiometer in the bridge is used to null the in-
phase part oflthe output signal, while fhe variable capacitor is used té

balance the resistive part. It was found experimentally that the resis-

tive part is so small that the varible capacitoer is unnecessary. A
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Figure 10. Superconducting fixed point bridge and device. The
¢ ' o
,Vbridge coils are described in the text. RBal is a
‘ten turn, 10 K Helipot. The variable capacitor C is

effectively zero, and so has been removed from ‘the

present version of the bridge. o . » -



________ - -1 . .
| Primary Secondary] Fixed Poi
- ‘ | Device in
5 “l“ 3 | Cryostat
P > | I
—_ 1 |-
11— " 1 77— 1
L Lok
C—;‘ 3‘_
3¢ |
Primary3 ¢ .
I\\ 1
Secondary
' Coil
IK/?'Currem‘
— e —— e —— — . . — o — — — d
| Reference Signal |

52

-

In

nt

N 2 |




53

variable resisténce is part of the reference input line so that the power
input can bé easily changed (this is important at low temperatures).

The proqédure usually used was to warm(cool) thrbugh the supef—
conducting tfahsition in question, aqd then to cool(wa:m) back to fhe
center of the”deflection of the lock-in due to the transition. The re-
frigerator was controlled at this temperature,'which was operationaliy
defined as the.superconducting transition temperature, Tc' The fixed
point dévicé,was not shielded from stray magnetic fields. due to space
limitations in tﬁe cryostat, and so ghe actual Tc's werg lower than those
quotéd. Thewéppropriate correction factors are given by Schooley, Soulen,

74/

and Evans. ‘They range from 3.2 mdeg for the cadmium T, to 1.5 mdeg

for 1éad, because the field measured at the cryostat was 3x107° T.

3. Thermometer Calibration

Seveféi new germanium thermometers, and the previously used ger-
manium and carbon thermomegérs were calibrated carefully by several dif-
ferent methods. The primary calibrétion was performed on a new germanium
thermbmeter, 615559,19/ Qﬁich was calibrated in a separate cryostat. against
a germanium thermometer which was calibrated against 3He vapor pressufe
abové l'K, againSt a CMN magnetic thermometér below 1 K, and checked
against a set of.NBS fixed points. All temperatures quoted are from the
EPT-76 temperature'scale.lll |
CalibréLious of thc other thermometers weﬁé determined by compari-
son with'G15559. This calibration was performed by removing the samble

cell and replacing it with a copper block in which were mounted four ger-—

manium thermometers and the NBS fixed point device. The new calibrations
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were consistént with, but more comprehensive than, the old calibratidns

of C—lOOA.(aAcarbon thermometer) and G4317, thé old calibrated germanium
thermometer. . Tﬁéy also agree with the temperatures as determiﬁed by the
fixed point device. The temperature measurements are therefore believed

to be accurate to better than 1/27% over the range from 40 mK to 7 K.

E. Sample Preparation and Analysis

Preparation of the 3He-"“He mixture to be studied, growth of a
Crystal adequate for precise x;ray measurements, and the ahalysis of the
concentratibn of the mixture which was studied are three important face;s
of the present work. The first is important, .though stréightforward, be-
cause there ié no second chance without much expense'fdf new JHe. The
second two are.crucial. The third part, analysis,:is particularly crucial

because again there is only one chance to obtain the necessary measurements.

1. Mixture Preparation

The main difficulty in preparation of the mixture was the desire

Lo dilute the:3He with Eﬁe in succéssive steps, thus using as little 3He

és possible. This was accomplished by preparing the new mixture in the

3He gauge and‘3He side ofﬂthe separator shown in Fig. 8, using as its basis
£he last mixtdfe. This mixing is accompiished easily by.letting high pres-
_sure &He (&13 MPa) rush into the 3He side of the high pressure systen.

The preséure difference (>7 MPa).assures that there is no contamination

of the “He sidé with 3He. .The difficulty experimentally is that  the béllows
in the separétqr:expands when the 3He (mixtufe) pressure increases, thﬁs

increasing the volume inside the separator .which is available to the mixture.
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This problem iS'évoided by maintaining the piston travel indicator (PTI)

in the same ﬁiace by pressurizing the “He side of the separator aléo. Be-

cause oﬁ the slow response time of the separator, this procesé takes hours.
After the correct pressure (and thus concentration) was obtained,

an attempt was made‘to improve the homogeneity of the‘mikture, which was

residing both in the separator and the 3He gauge. The separator was com-

pressed so that most of the mixture was forced into the 3He gauge, which

then read typically about 8.7MPa. The separator was then depressurized,

and the mixture forced back into the separator, 1eavihg'the 3He gauge

typically at 2.0MPa. This prescription was followed once or twice, depénd—
ing on how much time was available before the cell needed to be pressurized

with the new mixture.

2. Crystal Growth

The érowth of good quality single crystals ié eésential to the
suécess of the present x-ray measurements; The crystals must pass strin-
gént tests before.théy are used for data collection, of which the usual
examination of the quality‘of spots from Laue photographs is only the first.
In the prévious work,gg/ only crystals tﬁét were single over the whole |
length of the sqmple cell'were acceptable, as the others.were found to be
unstable. lwith Ehe development of the ne& diffractémétér drive and posi-
tion sensitive detector; which are described later, this condition was
found to be unnecessary. ‘This is very important: it was also found to ge
impossible to grow a crystal of a concentrated mixture fhat was single -
through the whole cell. Without the new diffractometer system, the present

experiment wodid.be impossible. Even with this easing,of the quality-
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requirément,~moré than 807 of the crysfals grown were discarded because
of inSuffipient quality.

The_nofmal method used here fér growth of helium crystals, and
the results 6f-growth of 110 crystals oprure bce éHe.énd ﬁufe hep “He,
.have been described by Fraass, Heald, énd Simmons.1§/ The crystals are
grown slowly from fhe'liquid at constaﬁt pressure, since the fill line
is kept unplugged until after growth is completed. A plug in the fill
line is then fofmed to keep the crystal at constant volume. The crystéls
grow from the top down iﬁ the cell, because the cold finger of thé dilu-
tion refrigerafor is at the top of thg cell. A computer is used to lower
the temperature.of the cold finger and the top of the cell slowly. A
érystal growth curve is obtained by recording the tempefature of the
germanium fﬁermometef»at the bottom of the sample cell as a function‘of
time on a chart recorder. The stated melting temperatpre is the tempera-
ture at whichrghe crystal finishes growing.

Several typical growth curves are shown in‘Fig.]Jq one for each
mixture conéentrafion that was stu&ied here. Surprisingly, the éurves
for each concentratlon are qualitativclyldifferené._ The curves for pure
”Hé'and nearlylpure 3He~(99%) are normal, althoﬁgh the SHe curve'shows a.
small amount of supércooling befofé growth Beginsf ’The important points
are ‘that the beginning and finish.;f growth are‘obvious? the temperature
gradiént duriﬁgiérowth is fairly small, and the grbwth time of 0.5 to 2
hours is eésiiy determined. Note the differences in the mixture‘growfh
curves. It is nearly impossible to depermine the melting temperééure of
the 51% mixtgre since there is no clear finish of growth, and the 28%

mixture is different only in degree. 'This is related to the fact that the
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Figure 11. CryStéi-growth cur?es for several diffgrent 3He concentrations. -
-The five curves‘(labeled by.3He concentration) afg schemétic
repreéentations of the temperature of the thérmometer at the
bottém'of.the sample cell plotted versus time, as the top of
the cell is cooled at a constant rate. The '"flat" region in
the center of each curve occurs as the crystal grows. The dip
seen in fhe- 12% mixture before the growth begins cdrreéponds
to suﬁércooiing of the 1iqﬁid. A typical tempefatﬁre range for
the growth curves shown here is about 200 mdég, while the extent

.of the time scale is typically 1 to 3 hours.‘
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mixtures are'noﬁ—azeotropic and thus the crystalsydo not grow at exactly

- the- same congéntration aslthat of the liquid from which they are grown.

The groﬁth curves of tﬁe 12% érystals are also interesting: there is
always a large aﬁount of supercooling ﬁefore growth begins, no matter what
the cooling'fgté is. ‘The other.interesting‘point found at this concentra-
tion is that the crystals all grow in the saﬁe origntation: six in suc-
cession were gfown in the same orientation, and then‘three.more grew in
the same (but different from the previous six) oriénta;ion. This behavior
has not been-seen in any of the other conéentrationé studied in the present

20/

work, or in that of Heald.— Similar behavior has been seen by Osgood,

79 :
t al.——/ in their neutron study of bcc “He. They saw that all eight of

their cfystals had an [001] reflection within 5 degrees of the others. In
.the present'étuay, each of the six crystals had a [110] reflection wifhin
one degree of thé others.

It had 5een hoped originally that the melting temperatures, aé
determined from the growth curves, would be a useful check of the concen-
tratign meaSurements. Unfortunately, there wefe two problems with this |
‘ desire. The first is easily séen in Fig. 11: for ﬁhe concentrated mixtureé,
the melting temperature is all but impossible to deterhine, Secondly, the
*températures‘that were determined from the gréwth curves wefe lower thén
the melting temperatures expected (from published pﬁasé~diagpam dataél:éz—/)
by as much as O.i deg. This ''disagreement" is due to the difference in the
liquidus and solidus curﬁes, as discussed in Chapter II. Moét of the P-T
melging line'daﬁa are obtained on the liquidus, wﬁile the temperatures ob-

tained from the present growth curves are on the solidus. The point at

which growth starts on the growth curve should be on the liquidus. However,
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‘the determination of this temperature from the growth curve is unreliable
becaﬁse tﬁerg may be a large temperature gradient in the cell, between
‘the thermometer at the bottom, and the tép of the cell where the crystal
begins growing. ' Therefore, neitherjthe indicated starting nor finiéhing
‘temperature db;ained.from the growth curve is any help in checking the

mixture concentration.

3. Sample Concentration Analysis

Thg conceﬁtration of 3He in the mixtureé studied here was measured
with the masé spectrometer in a Dupont 24-120B Leak Detector. The éensi—
tivity of the-spéctrometer to- 3He and “He waé checked beforé eacﬁ set of
meaéurementslwith 3He and “"He standard leaks,§9/ with sensitivities(gener—
ally about 2.0x10710 atm cm3/sec for 3He and 3.0x10710 atm cm3/sec for “He.
The method used should measure the ratio of the two isotopes to about 506
ppm (0.05%).

| The procedure followed during the concentration measurements -in-
volves warming-the cryostat to 77 K. The warmup is easily accomplished
simply by allowipg the liquid helium to rﬁﬁ out, .after which about 24 hﬂurs
is required before the sample cell warms to 77 K. During this gime the
separator is_used Fé lower the pressure in the fill line and sample cell,:
while saving the gaé by compressing it into the 3He géuge. At fhe same.
time the'leak dé&ector is nsed to pump out the high pressure sysLem, up
to the last valve bgfore the fi11;{inn, Whaen the;ccll iz near 7? K, the
. £i1l line and éampié cell are pumped out with the diffusion pump :0of the
leak detector, while the fatio of 3He to “He tﬁat is coﬁing out is measured

every minute or two. The gas initially pumped out is from the fjll line
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only, and so itsAconcentration is not desired. Also not desired is that
which is measured after the ceil pressure is low because it is sensitive
to the vapor pressures of the gas in the cell at 77 K. Only the coﬁcen—
tration of the gas pumped out between these two extremes is useful. Be-
cause the readings t;ken.at different times during the pumping are some-
what Aifferent; the»éhoice of readings which are used to'calculate the
concentratioﬁ is the largest contribution to the possible errors in those
- measurements. The nominal mixtures, concentrations,bana estimated uﬂ—
certainties é;é given in Table 1.

TABLE 1.--Mixture concentrations. ' The nominal mixture, measured 3He

concentration (x3), and the uncertainty in x3 are listed for the various
crystals measured in this work.

Nominal'Mikture ‘X3 Uncertainty . Crystals
OZ ' ' . 0 —————— 0'14
99% - - 0.989 0.0005 . = 16-19
51% 0.506 0.012 . 20-26
28% ' 0.280 0.005 L 27-28

12% 0.125 0.015 . 29-30

"F. Pousition Sensitive Detector'

A position sensitive x—ray detector (PSD)'Qas &esigned and built
for use with the newly rebuilt diffractometer (descfibed in the next sec-
tion). The PSD.is a recently—deQeloped type of proportional counter that
was first deécribed by Borkowski and Kopp.§l/ From.thié detector both
position and energy information are obtained from each'ionizing event. The

.advantage of this type of detector is obvious: a complete Bragg peak may be
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obtained at once, without scanning the detector as is done with the usual
scintillation counter, The PSD also allows much flexibility in the dif-
fractometer design and use.

The PSD'used here is similar in design to that described by
.Borkowski and Kopp.§g/7 The detector is a gas—filléd propqrtibnal counter
with a very high‘résistancebcdllector wire. Each ionizingxevent»occurring
in the deteétor'causes a current pulse to travel both directi@ns down  the
gollector wiré{"A comparison.of the rise times of the pulses‘at'each end
of the”wire'yiéIAS the position of the evént which caused the two pulses.
As with any.proportional counter, the amplitude‘of the pulses is-propor—
tional to the energy of the event.

A schematic drawing of the detector is shown in Fig. 12. The body
is L@éite, with a cévity machined into it. The three sides of Fhe cavigy
have 0.025 ﬁm aluﬁinum foil smoothiy fixed to the Lucite with a mixture of
a graphitg compoundgé/ and GE 7031 varnish. Electrical connéctioh to the
higﬁ voltage supply is made wigh a.wire in a groove at gach end of the de—
tector, attéched éo the foil with silver paint. The Be window on the front
of ﬁhe deteétof'ié clectrically connected to the foil. A mixture of 90%
Ar - 10% CH; gaé»at é pressure of 0.12 MPa above atmospheric bressure is
fhn through tﬁe‘detector at abo;t 6 ml/min.

The collector wire is a 0.025 mm diame;er pyrolytic cérﬁonfcoated
quartz fiber, with a‘resis;ivity of 8000 Q/mm.gé/ The wire is mounted in
>a guard ring assembly.at each end of the detector. The guard'rings are
veryAimportant: a previous version of the detector, without gﬁ?rd ringé,
showed ob?ious and important end effects, and also a lack of sensitivity

and linearity. The guard rings, shown in Fig. 13, have eliminated Lhese
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Figure 12.

Position sensitive detector. Both the right and left
sides of the PSD are the same. For clarity, they are
drawn in this cross-sectional view showing different

parts of the design. The 0.25 mm Be window (A) is

‘ epoxied into the Lucite frame (B), which is sealed to

the4bodonf the detect§r (D) with an o-ring (C).  One
ofAthe ﬁwo gaslflow connections’ (E) is sho&n, as well
as oﬁe éf'the two holes in which the two guard:riﬁg‘
aSsemSlies are mounted (G). The groovés for the high
voltﬁge wires (F) are shown, as is the 5.1x0.95x0.48 cm

cavity (H) which is machined into the Lucite body.
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Figure 13.

Guard ring assembly. The quartz fiber (A) is fastened
with epoxy and silver paint (H) inside a 0.4 mm diameter
CuNi tube (G), which itself is then epoxied into an in-
Sulatiné Lucite tube (I). The guard ring is a 1.6 mm
diametef{ 0.1 mm wall CuNi tube (C) which is soldered

into a threaded brass piece (D). This piece screws into

- the body of the detector (B). The fiber assembly slides

through the guard ring and is fixed in place and pressure
sealed with a rubber o-ring (E) which is tightened with a
brass cap (F), to which the guard ring electrical connection

is made.
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problems. Thé.entire assembly is receésed into the body of the detector
in order to miﬁimiée the distortion of the electric field near the detector
edges. The rings are at ground potential (the wire is near ground) so that’
leakage cur?ents‘do not degrade the response of fhe wire. For additional
prote;tiqn there is a long ‘insulating pa;h between the high voltage and

the rings. -Tﬁe purpose of the guard ring design is to allow easy replace-
ment of the fi?er. Our experience, and that of others,§2/ has shown that
the fiber is vefy susceptible to damage. In fact, even though very great
care was taken in order to'prevent this degradation dﬁring the present ex-
periment, the detector performance deteriorated noticeably.

One.of:the advantéges of this type of deteétdr over other types

of PSD's is thé simplicity of the electronics which are required;§§/ A
block diagraﬁ of the PSD electronics is shown in Fig. 14. Charge-sensitive
~preamplifiers are mounted immediately adjacent to each end of the wire in
the'deteqtor, in’order_to,keep the capacitance of the signal leads as small
as possible. Each pulse is doubly differentiated by the linear amplifiers;
and the times at which the resultént pulses cross zero ‘are deteéted by the
cfossover pickéffs (CPfs). After time delays in thé'CP's, thg two pulses
("start" and "stop") are fed into the time to amplituae éoﬁverter (TAC),
which converts the time difference to the height of a voltage pulse. This
pulse height;ié‘then analyzed by the multi-channel anal?zer (MCA), which
stores thé event in a particulaf channel which correspondé to a position

in the detec?br. The data stored in the MCA are displayed'on a cathodg ray
‘tube monitor'(CRT).

The héights of the.pulses from the linear amplifiers are propor-

tional to the energy of the event, and so energy discrimination is possible.
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Figure 14, PSD eigctroﬁics. Shown.ére the electronics with which
. "the'hstart" and "stop'" pulses from the PSD are analyzed.

The preamps are Tennelec model TC 112, the two amplifiers
aré Tennelec TC 202BLR Linear Amplifiers, and‘the cross-
over pickoffs (CP) are Tennelec model TC 446. -Shoyn also
are ;hé‘Fluke 412B High Voltage Supply (HV), ﬁhe Caﬁberfa
146$A‘Sum—1nyert Amplifier (Sum Amp), the Canberra 1437
Timing Singlé Channel Anafyzgr (TSCA), the.Tennélec TC 861
'TimeAto‘Amplitude Convertgr (TAC), the Tracof—Northern
TN~-1706 Multichannel'Analyzer (MCA)? and the Tektronix t&pe

604 monitor (CRT).



To Data 'Acquisifion Electronics

69

DETECTOR

t— MCA | CRT
. STOP TAC START
‘ll ’| GATE 1] 4]
STOP' h START"
TSCA
cp | cP
SUM
AMP
(amp| - AMP
| HV
PREAMP™ L"PREAMP -



70

The‘fsrart" éod-"otop"_pulses are added in thé sum amplifier (Sum Amp),

: ano the discrimination is performed on the resulting pulse by the timing
single channel analyzer (TSCA). If the energy of the sum pulse is witﬁin
the desiredAlimits, tho TSCA gates the TAC, éllowing a "start'/"stop" pulse
oombination ro be registered. The discrimin;tion is mildly position—depen—
dent, bo; this is only bothersome»if one Qishes to use a smali energy -
window.

It is imoortant that the resolution and'liﬁearity of the PSD be
weli—characrerized for its use in the diffractometér system. The uoual
discussion of PSD resolution involves the full widthlat holf maximum (FWHM)
from a well;collimated incident beam. The minimum‘FWHM of this PSD is 0.5
mm for Cu Ka x-rays. This agrees with that fouod in other detectors of
A this'type,§l/falthough smaller FWHM's are possible Qith different incident

§§L§Z/ However, it is not the width of the peak that is important

radiation.
here, but-rﬁe reproducibility with which the peak centroid ﬁay be determined.
Experimenﬁaily; ﬁe have found that the peak centroids'are stable to better
than 0.2 MCA ohannelo, which corresponds to 12.5 uym. .This is dopendent on
'(lj having eooogh counts for adequate statistics, (2) correctly handling
the backgrodod,'énd (3) a fairly symmetrio_peak. This‘sepsitivity to peak
: movemenr corresoonds to a ooange of lattioo parameter of about 60 ppm at a
Bragg aogle inis degrees in'the present oiffractoﬁeter'srstem;

| Thefiinoarity‘of the PSD is measured by-comparing tho.peak céntroid
channel againSt_position as the detector is moved so that the peak.moves
aoross the detector. Shown in Fig. 15 are two plots, one of which is dis-

tance versus peak centroid channel number. Also shown is the derivative

of the distance versus centroid data. ‘fhe error bar shows the uncertainty
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Figure 15.

PSD Linearity. Shown plotted is PSD bositién.(~) versus -
peak centroid channel number. Alsq shownAgré the deriva-
tives of those measurements, plotted as chéﬁnelslmoved per
mm moved (+) versus peak centroid channél number. The

efro; bar on the derivative measurements shows the effect

of the uncertainty of the distance measurement (0.01 mm)

on_the‘derivative.
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in the distéhée measurément, which was 0.01 mm at each position. Apparently -
all the de?iétions ffom the basic linear dependence of fhis Aerivativé on
channel number can be explainedAby this reading uncertainty. Note that

the distance QerSus peak channel curve shows none qf the s-shaped character

that other workers have seen.§é/

G. X-ray Diffractometer

The present diffractometer is the third version of a diffractometer

88/

originally designed and built in thié laboratory by Kabat.—  The first
and secondgg/}versions were equipped with a 6-9 drive; that is, a drive
mechanism which moves the x-ray source and detector at equal speeds in
opposite directions. The development of the PSD has made this type of drive

unnecessary. This improvement allows the use of a gear drive which makes

precise absolute lattice parameter measurements possible.

1l.. Mechanical Description

A general yiew of the cryostat and diffractometer is shown in Fig.:
16, which alsq Shows the various coordinates used in';he following descrip-
tion of the'diffractémeter. .An éxplodgd Vic? ofvthe'diffractometer ig
shown in Fig.'l7afd. Fig. 17a shows the‘x—y'motioﬂf Both'Ehe X and y
motions are d;iven by computer-controlled stépping motors. This allows
.aqtomatic cenpering of the diffractométer on the sample cell (which is in-
- side the cryostat) to within 0.03 mm. fhe bottomvplate of the x-y motion
.sits on a‘commerCial elevating table which is made rigid with vertical
stainless stée1 bars and linear ball bushings held in an external frame.

This z coordinate is read with a dial indicator. Three screw jacks
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.Figure 16.. Relati§é positions of the fhfee—circle diffrac£0meter,
| cryoétaﬁ, and‘cryostat support fraﬁe. (A) ancfete in-
‘ertié block."Diffractometer adjustments in angles 0, ¥,
and ¢ aré'available. The recpilinear motions X, Y, and 2
ﬁefmit centering of the specimen sémple celi in the dif-

fractometer. (B) Cryostat. (C) X-ray tube. (D) Detector.
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Figﬁre l7a.' biffrac#dmeter x~-y motion. The x and y mqti¢ﬁs shown
'heré‘cdnsist of sﬁain1e3s,steé1 bars sliding inside
.iineéf bail-bushings. Both mofions are driven by
cémpufer;cont;olled4stépping motors (I and H), and |
the;ﬁotion-is measured by dial indicators, whiqh:areA
‘ npt'showﬁ._ The ﬁ&tbrs ére Superior Electric Co. Slo-syn

M092¥F'$£épping ﬁotors.
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Figure 17b. Diffractometer ¢,and X cifcles; Mounted on a plate
abdye‘the x—y~mo£ion is fhe 56 cm diameter ¢ circle
(G)..-This circle, which is divided and can be read
directly.to 5 miﬁutes of arc, rides on a réée of Balls
at the ﬁériphery, and is held by a post and bali bearing
at thé center. On this circle is mounted tﬁe X circle
c;édié (D).'lThese brass runners have a 40 cm‘r;dius,
Aand aré £he base upon which matching stéinlesé steel
runnéfslmove with low friction. 4The.declination anglé
X is'réad to ivl minute usiné a Watts 360° éliﬁémeger;
The x:éifcle is moved_by thé friction of a 172 mm di-

ameter braided steel wire on a stainlaés steél’drum (n.
’ . R : f . : K
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Figgre 17c. Diffracﬁometer‘gear drive.' The 384 tooth worm gear (N)
is the heart of the drive mechanism. The wérm gear can
“be attached go either of two arms: 0), whiqh can be
attached to the 6 table, and (C), upon.whiéh.the PSD is
moupted.--Each of the érms, and the gear, are supported
on the}tenter poét by New Departure type H20305 ball
beafings; The worm gear is driven'by a long géér frain,
‘which includes the steppinglmotor (M), a bevel gear set
(Lﬁ, and the stainless steel'wofm (F). The worm shaft
position is measﬁfed’by the digital shaft encoder (E).
-The‘Stépping motor is a Slo-Syn HS-50L, and the encoder
is a Datex model C-713-20 shaft éncodef. The‘sﬁainless
stéei 2:1 bével gear set is PIC N1-2-S, while the worm
shaff is maintained in positioh by a Beardeﬁ SR168SS bearing

A betweén the worm and the'encoder; and by'two opposed Andrews

DM-15 Tﬁrust Bearings (K).',The.bearings_which keep the bevel
gearé‘iﬁ pésition are Beafden type SRlSSéé, and SR133SS, one
of'ﬁhiéh.ié not shown for clarity.' AISO'éhown‘in thié figpre
are‘the stéinless steel x cradle runners (D); All machined
Aparts excéﬁt the aiuminum}bronze worm gear and the bfaéS‘locks

for parts 0 and C are stainless steel.
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" Figure 17d. Diffréctometér 6 table. The 74 cm diameter é ;ablé (B)

:is show;'here. The téble turns on a 50 cm diaméter

béafing which rests in a stainlessAsteel support a;tached
‘ﬁo the x cradle. The General Electric CA—8_C& x-ray tubé‘"
'(gj is mounted on the 6 table,<és is the 0.10 cm i.d. x-ray
collimator (R). The 6 table is attached té‘the worm gear
with a.lockA(Q)'wheﬁ 8 table motion‘is desi?ed._ The. PSD
'is mounted on-an arm which can also'ﬁe attaéhed‘to the worm
geaf; A loék for preventing 6 table motion (P) is alsa

shown.
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‘ attached to ;hé external frame allow leveling of the whole apparatﬁs.
Mounted above the x~-y motion is the ¢ circle and x cradle, which are
shown in Fig. 17b

Shown in Fig. 17c¢ are the rumners of the x circle, updn which
is mounted tﬁé newly designed gear drive mechanism. A 20 cm diameter
worm gear ﬁade of aluminum bronzegg/ is the basis of the drive. The gear
is suppor;ed on a ball bearing at the center post, and a race of balls at
the édge. The 384 toothgg/ worm gear is driven by a 1.3 cm diameter stain-

90/

less steei worm.— The position of the worm shaft is maintained with a
beéring on one side of the worm, while two opposed thrust bearings at the
other end of tﬁe shaft prevent both lateral and longitudinal ﬁotion of
the shaft. . Thelworm is driven by a stepping motor.which is at a right
angle to the worm because of space limitations. This-corner is turned
with a 2:1 stainless steel bevel gear set. The gears are maintained in
. poéition with bearings on‘eachtshaft, one of which is not shown in Fig.
_l7c for reasons of clarity. Also not shown are the Plexiglas shields
.1which protect #bth sets ofvgeéfs from dust and other objects.
The fiﬁél part of thesgear train is ghe digital shaft encoder,

which is mountgd on the end of the worm shaft. This 100 re&oiutionvab—
. solute encoderAreads the posigion of the worm shgft to 0.001 revolutibns;
.'wﬁich corréspoﬁds to 3.4 sec of arc on the worm gear. For comparison, the
stepping motor,‘which gives 200 steps per revolutiéﬁ, moves the worm gear
8.4'sec per step. Althbugh the alignment of the worm with respect to the
worm éeaf is véry important, as long as precautions are taken to avoid

backlash, the bosition of the worm gear is correctly measured by the en-

coder. In practice, it was found that the worm was not correctly centered
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when it was cut, and so there is a sine wave variation of the worm gear
motion which has as its peribd one revolution of the worﬁ. This motion-
wés accurately meaéureq, and is automatically correctgd by the combUter
as it reads the shaft encoder position.
The motion of the worm gear must be transmitted to the evtable
(Qn which the x;ray sdurce sits) and/or the PSD (see Fig. 174). lThis
is accomplishéd by two "arms'" shown in Fig. 1l7c. ‘These arms are con-
strained to move only éfound the 6 axis, beéause they are supported by
bearings around the center post, and by a runner arrangement wﬁich pre-
vents verticél or "twisting" motion of the arms. The arms can be locked
to a "lip" ;bpve the gear. These locks slide radially (even when locked)
to prevent binding in case of somé misalignment, but when locked allow no
1at¢ral_mOVEment of.the arm with respect to the gear. The PSD is mounted
on one arm, while the other.arm can be clamped to the 6 table. ‘This lock~
ing arrangement.allows the gear to dfive the 6 table, the PSD, or both.
Additional locks are put on the runner on either side of the detector arm
to keep fﬂé PSD fiked, when that is desired.
The‘Q £ab1e‘is shown in Fig. 17d. It is a 1.3 cm stainless steel .
plate, 74.cmAin diameter, with a 30 cm hole in the center. The x-ray tube
is mounted on the'taBle;"aé Well as thé Xx-ray éollimator. The circie is
diﬁided and can Be read to 5 minutes.of arc. It can alsolbe locked to
prevent motion.
Alignmeht of the diffractometer is important. The centers of the
$, X, and © ci%cles must coincide with the center of the x-ray beam and
‘with the axis of the'geér-drive. The worm must be aligned so.as to mini—

mize backlash, while at the same.time preventing any binding of the motion.



86

With much effort, the diameter of the sphere of confusion due to miscenter-
ing. of the vafious circles was reduced to less than 0.15 mm. -The accuracy
of the motion of the 6 table is limited to 4 seconds of arc only by the
resolution of the shaft encoder when care is takgn with thg locks which

fasten the gear to the ‘6 table.

2. Computer Cqﬁtrol
The.electronics with whichAthe diffractometer-PSD system is con-

trolled are éhbwn schematicaily in Fig. 18. The LSI-11 microcomputer whiqﬁ
controls the experiment is interfacgd to the laboratory equipment througﬁ
the "Blox'" system developed here at the University of Illinois. Several
machine lanéuage_subroutines have been written for the LSI-11 that allow
communication with any particular module in the Blox Qith'one simple Foftran
statement. Tﬁese are listed in Appendix B, with commeﬁts and explanationé.
This system of computer éontrol allows eachlof several types of scans, and
their accompanying analysis, to be performed automatically.

| "The stepping motor driﬁer is used to step any of the three motors
on the diffractometer under computer or manua; control. The“x and y motors
té;e used when centering the diffractometer on the sample cell, while the.e
gotorlis used t§ scan'the ® table and/or the PSD. Each lock on the diffrac—
tometer-is eqﬁipped with a micébswitch. The étatus of thesé?éwitches is
analyzed by logic in the driver whiéh preventé stepping motof;pulses when
;n incorrect combination of locks is'clésed. 'There are also limit switéhes~
(with a similar function) on each of the motions. The computer can deter-
‘mine if the moﬁpr in use is blocked. Finallx, one ;tepping motor is used
in conjunction with the sample..temperature cogtroller so,that}crystals may .

be grown under computer control.
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Figure 18.

Diffractometer Computer Control Electronics. The basis

of the compufer control for the diffractometer is the

LSI-11 microcompufer. This is interféced to the laboratory
equiﬁmént through the Illinois Bloi,System; AThe stepping
motor driver allows cémputer'or manual control of all the
motors on the diffractometer (x, y, 6), and the motor which
is part‘of the temperature controller (T control). The
arivér'aiso analyzes microswitches on the various diffrac-
tomeféf locks to prevent undesired moveﬁent (logic switches).
The interface décodes the information from the shaft.eﬁcoder,
and also allows control of the MCA, and output of the data
from the MCA to the LSI-11 at 3000 baud. A separate line
diréctly from the MCA to the Blox (Sca out) carries & pulse
for each count (anywhere on the PSD) to a Blox scaler. The
X-y piotter is used to plot the data during acquisition, and
also during the iéter analysis. The datalare stored'bn floppy
disks, and aré later stored.on magnetic tape associated with
the DEC 2040 computer. The data arettransmitted to the 2040
over a.phone line (modem), or by directly.reading the floppy
diské into the computer through a separate LSI—ll—floppy disk

system directly interfaced to Lhe 2040.
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An interface was designed and built.which performs several dif-
ferent functions. The MCA is controlled through the interféce: functions
such as starg vauire, stop acquire, start I/0, and stop I/0O are initiated
by the computér, which can also check the status of these functions. This
makes possiﬁlg great flexibility in the method 6f data collection. A
second sectibn of the interface allows the data from the MCA to be read
into the compuﬁe? at 3000 baud. Detailed.computer analysis of the Bragg
peaks can thus proceed seconds after the end of the scan. A third section
of the interface translates the position information which comes from the
shaft encoder in a 28 bit grey code into 6 BCD digits, which are displayed
on the front of'the interfaceAwith LED's, and also stored so that the com~-
puter can read the encoder position. fart of this section'is also used
so-that data from a 6 digit frequency meter and.6 digit voltmeter can also
be read into the computer (these were used with the strain gauge described
in Section III;C:and Appendix A). A-final'section éf the interfaceluses
a 12 bit digitélAtb analog converter to display any,th?ée digits from the
frequency meter on a chart recorder. Functional block diagrams, simplified
schematics, and more complete descriptioné of the interface are. given in

Appendix C.

3. Scan Types

The présent diffractometer system is used for two sebarate ;ypes
of.measurements.'.Absolﬁte lattice paramefer'measurements ("a"™) ére made
withAone type‘of scan. Meésurement of the concentrétiop of vacanpies
present in theAcrystal ("xv") is made with several different types of

" scans, since'oﬁly‘knowledge of changes in lattice parameter ('Aa/a") is
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required for these measurements. Vacancy concentrations are obtained by

. . 25/ . . .
the method of Simmons and Balluffi.—— Because the crystal is maintained
at essentially constant macroscopic volume in the present work, the Simmons

and Balluffiuexpression for X, becomes -

x, = -3Aa/a ‘ (ITI-1)

' yhere ha is thé change in iattice parameter from some iow temperature refer-
ence stafe in which ;hére are few thermal vacancies present and whose lat-
tice parameter is a. The constant volume assumption is valid because a

plug of solid helium is used to seal the fill line. Volume changes due to
the Lucite cell should be less than O.OlZ,gQ/ which is”about tﬁe limit of

sensitivity of the present measurements. Information about the different

- scan types used in the a and xV measurements is summarized in Table 2.

TABLE 2 .--Diffractometer scan types. -

+

Scan Type Use . Errors (Aa/a) . _ Comments.

a . a 200 ppm More sensitive thén 200 ppm
- : . . ' to changes in a

PSD ba/a - "~ 120 ppm ‘  No mechanical movement
: Very fast '
w ‘:Aa/a ' 60>ppm . Mosaic structure obtained

Detector more sensitive

Aa/a insensitive to crystal
rotation

Aa/a insensitive to crystal
quality

The simplest method of measurement of lattice parameter changes

(and thus xv), called PSD scan, usés only the position sensitive capabilities



91

of the fSD. *Thgre is no meéhanical movement. The x-ray source is placed
at the Bragg angle, and the PSD positioned so that the Bragg peak falls
on the detector. The Bragg angle changes as the latticé parameter changes,
and'ﬁhg peak‘moves along-thg PSD.' Although theoretically the source should
also be moved as the Bragg aﬁgle‘changes, in practiée this is not necessary.
The Width of thé<peak dpe to tHe moéaié structure of the crystal is about -
'0.2 degrees,, wﬁile thg Bragg angle changes are less thaﬁ a fourth of that.
‘The PSD scan has several advantages over the other scan types. There
is no meéhanicél movement, so that onlyvthe PSD‘1ineafity and response are
important. A secénd adQéﬁtageAis that the data may'be obtained quite rapidly.
This is important during melting, for example. Two to three minutes is
sufficient tiﬁe for accumulation éf adequate statistics, even for the weak
Bragg péaks that are obtained from solid}hélium. In this context, the 3000
. baud output from the MCA to the computer is a necessity. It is the differ-
ence between waiting 30 seconds for the 6utput, énd thé 20 minuteé that
wéuld be requir¢d~at 110 baud.
Anéthéé tyﬁe of scan allows measureménﬁ of,lattiqevparameter changes'
to better than 69 ppm; For thiS.measurement,.calléd w .scan, ghe~PSD ié
fixed to the 6 table. The sourcé'and PSD are ;canned through the:Bragg peak.
Tﬁo‘types‘ofAdata are collected during each scan::(l)ithe total‘number of
c&unts into the PSD per unit time at‘each ] taﬁle (and'hencensource) posi-
tiBn,‘énd (2) the PSb peaklwhich accumulates in the ﬁCA. Themfirst set of
data (calledh"sca" data) gi&es the mosaicAstFucturé of.the cfy;tal and the
position'in épace at which the so;rce is af the Bragg angle. The second
éet‘of data ("mca") méaSures the'Bragg angle, indepen&ently of the mosaic

. structure of.the:crystal. The sum of . the changes seen in the "sca'" data-
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blusvthose seen in the "mca" data gives thé Bragg angle change, while the
‘difference of the changes shows how much the crystal has rotated. The
tendency of helium crystals to rotate at temperatures near the melting
tempgfgﬁﬁre:wés the cause of much of the instabilipy of the crystéis stqqied
‘by Heald;gg/ and the present method of data colleétion effectivély solves
that difficulty. Ail of the vacancy data and lattice ﬁarémétér changes
displayed in.fhe present wark were obtéiﬁea by the w scan method.

Afhe w scan has many advantages. Its insensitivity to crystal ro-
tétidns has airéady-been discussed. .The data-obtained from fhe MCA ére
very insensitive'to crystal quality because the mosaic of the cryétal ié
laveraged by the scan., Crystal quality and mosaic ét:ucture are checked
with every ééan. This is especia;ly important near melting and below phase
‘ separétion inithé mixtures. Finally, this_method is By far the most stable-
and reproducible. Alfhough the "sca"'data are obtained.as counts versus
encoder‘position,Aand so shoﬁld be limited to the 3.4 sec of ‘arc sensi-
tivity of the. encoder, the centroids of the peaks iniﬁhe séa data afe re-
'pfoducible'to about 0;6 sec of arc. This'cofreéponds tb about 10 pbm in
Aa/a;‘ The PSb ié‘twice as sénsitive when it is féétengd‘to the moQing'e
table thaniwhén‘statioﬁary. Therefore, 1attice-parametér chadéesvaré |
V_measured té better than 6p ppm by this mé;hod.

| Absolute lattice parameters are meésﬁred with a third type of Sban,
the "a'" scan. . This scan is somewhat related to the méthod used by Bond.gl/
‘The data collected here are the same as the "sca" data mentioned above:
the total nu@ber of_counps into the PSD versus the sodfqe positionp The

geometry of the a scan is somewhat complicated, and is illustrated in Fig.

19 .- The first step .is blacement of the source at angular position 1 and
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Figure -19. Absoluté lattice parameter measuremént géométry. The
firsﬁ_écan takes place about diffractioﬁ véctoflﬁl, with
theAk;ray source at éngular position I, and the PSD at
éoéition 2. The PSD is then moved by hand~t6 position 4,
while the x-rays are scanned accurately to ﬁosifion"3.

A seqdnd Scan is then performed about thé diffraction
véctpr 32. ,The4diffefence in angular position bet&een
the ﬁeak,found by thé first scan, and thaﬁ.fbund'by the

second'scan, is twice the Bragg angle 6 From GB,<the

B

lattice parameter is calculated using the Bragg equation.
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the PSD at position 2, éo that the diffraction is pérformed aboﬁt diffrac-
tion vector ﬁl; The x-ray source is scanned through the Bragg peak, while
the PSD<feméiﬂs stationary, since its fosition sensitive capabilities are
uﬁneeded. This scan determineé the encoder reading (E;) at wﬂich the soufce
is at the Bfégg angle. The FSD is then moved manually to‘posicion 4, while
the source is accurately scanned to position 3. Another scan is performed
here; this time with the diffraction about -the difffaction vector ﬁz. From
this scan is obtained the encoder reading (E3) at which the source is again
at tﬁg Bragg angle. The differenée between E; and-E3 is twice the Bragg
angle, from which the lattice parameter is calculated from the Bragg eﬁua—
tion. A secbnd'set of similar measurements; with ;he scans in the opposite
direction, is made, and'the results of the two measufements are averaged

to obtain the laﬁtice parameter. This method, which ié cérefully analyzed
in the ﬁext section, allows measufement of absolute lattice éarametefs,
genéral;y to befter than 200 ppm.

"4, Lattice Parameters: Error Analysis .
and Calibration Measurements

The létﬁice parameteré of single crystals éf silicpn, lithiuﬁ )
fluéride; and éodiuﬁ chloride have been measured witﬁ the present diffrac;
tometer systém;_ The pﬁrpose was twofold: tl) expgriﬁentally‘to determine
possibié errors; and (2)'tovfind the4angu1ar depéndepce of the meaSuFeménts.:
.Diffractometeré; especially at low Bragg anéles, are,éuéceptible to many
kinds of errors which depehd on Bragg angle.gg/

:Two kinds of errors which can have a large effgct on aidiffrac—

tometer of this sort are absorption in the specimen and eccentricity error

(error in centering the crystal with respect to the various circles of the
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diffractometér5}< With great care, the eccentricity error can probably be
reduch to 50 ppm, but in the present wofk the centefing error is respon-
sible for most of the probéble errors in the absolute lattice parémefer
measurements. Errors due to absorption in usual x-ray specimens cgn,be
very large, apd are discussed in detail below.

in the pfesent work, peak'positions (both the "ﬁéa" data and the
. "sca".data)'are determined by subtfacting from the peak a sloped back-
ground, and thgn calculating the centroid ofvthe top 90% of the peak that
remains. This methodgé/ minimizeg the effect of the difficult-to-determine
tails of' the pgaks'on the centroid determination. Howéver, it is important
that the peak-be fairly symmetric so that consistent reéults are obtained.
The effect of absorption on line shapes and positions of powder lines is
discussed by Téylor and Sinclair.gﬁ/ Qualitatively, it is séen that as
the produét of u (the absorption coefficient) and r (the crystal diameter)
gets larger, the peak shapes are distorted. This causes inconsistent re-
sults'in the present system. |

Aside from the shape probléms; absorption also causes a shift in:'
the peak poéition. This shift, which‘is a.function of Bragg angle, is
analyzed by Nelson and Riley.gé/ - They found that if lattiée parameter re-
sults from several reflectiéhs are plotted against the'funétion
1/2(c0526B/siﬁ6-]+ coszeB/GB)? then the dat? lie onAa str§ight ;ine that

B

extrapolates to the correct lattice parameter at GB = 90°., 1In order to

“check this depeﬁdenCe, lattice parameters of Si, LiF, and NaCf were measured.
The NaCf data are shown in Fig. 20a , while those of Si and LiF are shown

.1n Fig. 20bl.‘.Both figures show (a )/aaécépted plotted versus

-a
expt accepted

the function mentioned above, although the scales of the ordinates are
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‘Figure 20a., Laﬁtice parameter measuremenfs of NaCl.v'Shown plotted
lis Aa/aa_for NaCE; where a is the accepted value of

the lattice parameter for NaC%, and Aa is the difference
between the value obtained here, and éa. The different
reflgétibns measured are labeled with the appfopriate
_Milléf indices, and are ploftéd against a function of
Bragg angle: F(GB) = l/Z(QOSZGB/sinGB + coszéB/eB). The

line is-a guide to the eye only.

b. Lattice parameter measurements of Si and LiF. Results
“fof éi(~) and LiF(x) are shown here, plotted in the same
fashioﬁ'as above, except that the vertical sgalé'is_mag—
ﬁifiédiiOOx. The error Bars show the standard.deviations
of the Qarious measurements done on the same reflection.
The LiF <220> reflggtion was measured only once, so no -

error bars are shown.- See text for more discussion.
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différent. 'The accepted value of a used fof Si was 5.43101 K,—; this
being the result of measurements of ;he same crystal used here by a pre-
ciée x-ray camgfa.gl/ The single crystal results are more appropriate
'than the powder results of-the International Union'of'nystallography
Pfegision Létticé Parameter Project.gél The number used for LiF was
4.02570 R af 20° C; this‘being'an average of two vaiues-from the liter-

e 99,100/

atur The accepted value of a used for NaCf was 5.63961 K-at

18° ¢. 101/

Thev&ifference between éhe'results:disblayed in Fig. 20 for NaCg,
and those for Si and EiF can be understood by looking ét the quantity uyr
mentioned abdveL For the crystals used in this work; Ur was as follbwé:
~15, 2 féf NaCQ; 5.4 for Si, and 0.93 for LiF. Thé large absorption in
the NaC% crystéliis the cause of both the slope of the data in Fig. 20a,
and the scatter of the data about the line, which is just a guide to the
eye. The daté'fbr Si and LiF show little or né slépé Because the absorp-
tion in thosé'cfystalé was much smallef, For the helium crystals studied
héré,'ﬂr'is &07005. Therefpre, there is ﬂo need to Worry about the.ab-

A sorption erréfé;__ |

Ihe errdr bars shown iﬁ Fig. 20b . éorrespond to the standard de-
viations of théAresults of fhe scané done on each refléétion;A These de-
viations are‘agﬁu; 200 ppm‘in latﬁice parametér; This'scatté? is due
~mostly to fac;ofs inherent in the diffraétometer_désién.. The 'smallest
change possibie'iﬁ encoder readings corresponds to SO.ppﬁ in Aa/a, while
one step of fhe sﬁe§ping motor is about 125 pbm. Crystals can be centered
only to about:O;OS mm, which can cause a 200 Ppm erﬁof in lattige parameter.

It is interesting to note that measuring the lattice parameter to 200 ppm
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oat a Bragg anglé of 14° is comparable to an éccufacy of 9 ppm at a typical
back refléctibn Bragg angle of 80°, since Aa/a is proportidnal to ctneB.

Twe corrections are made to the data which are due to mechanical
~difficulties with the difffactometer. The locks be£ween ;hé gear and the
X-ray - arm, ;nd the arm and the 6 tébie (labeléd 0 and Q in Fig. 17c ) flex
dufing motioﬁ,of the 6 table through large angles.' This flexing of the e-
table lock is meésﬁred with a dial indicator, and is at most 80 wm, which
corresponds té between 150 ahd 250 ppm in Aa/a. Thé table always lags
behind the géar (aﬁd the encoder), so the correction'is always subtracted
frqm the appéfent angle. This same sort of correction mﬁst be applied to
the lock between the gear and the arm, which unfortunaﬁély cannot be fitted
with a dial indicat@r.' This second correctioﬁ of approximately 200 ppm has
not beénlmade to.the data in Fig. 20b, which explains the fact tﬁat the
data appear to be about 200 ppm low. |

For completeness, a discﬁssion of the usual k—fay correétions is
inc¢luded, althbdgh‘most turn'out to be much smaller than the érroré which
have been discusséd'ab§ve. One possible error is crystal tilt error, which
is the result of yx or ¢ being set incorrectly by an angle A. The Bragg
“equatioh then becomesgl/ d = mA/ (2cosAsin®'). In the ﬁrésent work both
,.X and ¢ are'set‘to better than 15'. A = iS' resulté in an error of only
10 ppm. The'axial divergence error is proportional to the squaré of the
'divérgencé,gl/'énd here is about 30 ppmn. Wheq refraction is included, the
‘Bragg eqpation’becomgéHZQIﬁk = 2dsin6(1—(l—v)/sin26), where (1-v) = 2.7 x
lO‘BAZpZ/A, with A the wavelengtﬁ in K, o the density in g/cm3, Z the number
of electrons/;tom, ~and A the atomic number in g/mol. For helium this

correction amounts to 'only 1 ppm. . Finally, an expression given by
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Segmﬁellerlggjlgivés fhe correction for both the Lorentz and Polarization

Factors: Aa6.= AHZ/SaQSinG, where'AH is the half width of the reflection.
.In all caseslstudied in the present work, this coftection was less than

20 ppm. Several other possible errors affecting the vacancy measufements,
such as volume changes caused by formation of dislocations; and diffuse
x-raf scattering, have been anélyzed previouslygg/‘énd found to be small
enbugh that they can Ee neglected. Therefore, it éppeafs‘tﬁat'all of the
errors mentioned in this paragraph.aré small enougﬁ that they mé& be
ignored in combarison to experimental corrections discussed previously.

The conclusions of the calibration measurements are fourfold. The
reproducibility of thé lattice parameter measurements is better than 200
ppm. If carefﬁllcorrections are made for the flexing of x-ray arm locks,
then the Si and LiF data are found -to agree with ﬁhe accepted values within
200 ppm. Absdrption in the helium crystals is very sﬁall,:and sd:thére is
no.néed to make corrections to thezlattite parameters because:of the small .
Bragg angles involvéd in these measurements; Finally,'due to thg somewhat
limi%ed repro&ucibility of the mea%urements,nthefe‘ié no need to abply

further corrections to the lattice parameter measurcments.

5. Céperal Procedure

- A short deséription of theAmethod of data.coliection tha£4was
usualiy used is givén below. Crystal growth was followed by at. léast
several hours of-anneéling with the fill line unpluggea; Then aé the fill
line heaters were turned down, a series of t;ansmission Laue photographs
was taken with a Polaroid XR-7 Cassette. These pictureé were taken at

different heights on the cell, and at different angles‘(¢), until‘a suitable
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reflection was‘fqund. The orientation of the crystal was found using the
spot and a stergographic prqjection. The diffracfometer was then placed
at the angles x and ¢ determined By the projection. With the PSD placed
at approximateiy thg Bragg éngle, the 6 table (and sour;e) were scanned
until the Bragg peak was seen on the PSD.

The cofrect x for the reflection was easily fouﬁd by maximizing
théiintensity ofjﬁhe‘spot as a function of x. Several Q scans were then
'performed.at different heights on the cell to determine the grain structure
of the,cgystal. ‘In the conqentrated mixtures, the only useful grain was
always at tﬁe'topAof the cell, while'for ﬁhe pure cfystéls, a single grain
usuélly‘filled'thé whole cell. The correct angle ¢ was then determined

by performing a lattice parameter measurement. ' ¢ was adjﬁsted so that the

average of the two Bragg peak positions (which are determined during the

* _ lattice parameter measurement) agreed with the known.zero position of the

diffracﬁometer.

Data acquisition then began in earnest. An abéﬁlute lattice
paraméter me;sﬁrement Waé usually performed first, at tﬁe'temperaturé at
'whiCH thé cr&stal sat'during the above alignment procedureé. This was
‘followed Sy a vacancy4run, which consist¢d of two w scans at each temper- .
-aturé. Two scans were done to‘assure that the PSD Qas'ﬁot‘drifting, and
tﬁat uhexpec;ea4fesults wéré real. -fhe_same region,df‘ﬁhe PSD was uséd
for the w scans on ali the crystals. I;”some of tﬁe eéfiier crystals, .
absolutg lattice parameter méasuréments were made:again at low temperatures

to check the consistency of the vacancy and absolute lattice parameter

measurements.
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IV. DATA -

A. Introduction

Data of several different sorts have been obtéined in the present.
work on solid ﬁiktures of helium. Measurements of the absolute iattige
parameters of most of the crystals have béen obtained, with an accuracy
 of about 300 ppm. Meésuremgnts of changes in lattice parameter have been
made with fhe w 'scan which is discussed in Sécfion IIi—G—3. Thésé data
have ma&e aCCuréte determination of’vacanqy concentfétiénsvpossible over
a wide”fange:éfltemperatﬁre, pressure, and condentration in 3He—“ﬁe mix-"
turés; They have élso made the determination of lbw témpéfature molar
vqlﬁmes of theAmixtureé possible. Finally, chénges in x—raybpeak shapes,
and lattice parameters aliow accurate determination oflfhe phase separa-
tion temperatures as a function of pressure and concentratioﬁ. There éré
also many othéfﬁnovel and interesting obsefvétions which are dispussed
below.

In Section B, a summary of the results of thg va£i6us»§ypes of{
méasurements is given. The data on each particular specimen, some repre-
sentatiVe descriptions of various phénomena, and deféiled deséﬁiptions of

the results and observations for“each specimen are given in Section C.

B. Summary

The method of lattice parameter measurement has been discussed

above, in Chapter III. The results are listed in Table 3. In the crystals
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TABLE 3 .--Absolute.lattice parameter measurements. The estimated uncertainty
of the lattice pé:ameter measurements (a) is 300 ppm. Also listed are 3He con-
centration (x3), cfystal structure, refleé;ion (hkl), melting temperature (Tm),

nelting preséure (Pm), and the temperature of each a measurement (T). The

possible error in'Pm is 0.008 MPa, while T is accurate to better than 0.5%. *See
the diécussipn of crystal 13 for its helting tgmpératufe and pressure.
Crystal ' X3 ' ~ Struct. hkl TQ(K) _ Pm(MPa) 'A' T(K) é(R)
137 0 HCP 1010 - * * 1.624  3.65996 -
. : B ' 0.822 3.66205
: . o 0.921 °  3.66207
_BCC 110 L © . 1.716
~ , 1,727 ’4.10252A
1.731
1751 4.09881
14 0  HCP 1011 1.798 . 3.137 © 1.760  '3.64774 -
‘ » - 0.947  3.64725
16 0.99 - BCC 110 0.561 3.061 0.504 4.34868
0.280 4.35182
0.303 4.35440
17 - 0.99 BCC 110 . 2.040 7.853 ©1.961 . 4.11276 .
: ' - ' ' 1.090  4:11505
18 - 0.99 ' BCC 110 2.043 7.847 - 1.989  4.10929
19 0.99 -~ BCC . 110  2.017 7.812 1.923 - 4.11614
. . , ‘ L © 1.161°  4.11815
22 0.51- ~ BCC 110 2.01 . - 6.187 . 1.893  .4.10395
23 - 0.51  BCC 110 1.99  6.187 1.823  4.11090

1.052 4.11210

24, 0.51  BCC T 110 1.22 3.220 0. 1.089  4.22903

© 25 0.51  BCE 110 1.35.  3.565  1.246  4.20306

26 0.51 BCC 110 1.33  .3.565 1.284  4.20132
27 0.28 BCC 110  1.87 4.681  1.700  4.12644

28 0.28 - BCC 110 1.58 - 3.475 1.352  4.17393

29 0.12 . -BCC 110 1.701 3.240 1.566  4.12907

| , ~ L 1.562°  4.12786

4.14074

30 0.12  BCC 110 1.656 ~  3.041 "7 1.381
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~of~puré “He,Aand'aimést pure 3-He (x3=0.99), measurements were made near
. melting, and then again at a low temperature, Qhere few thermal vacanéies
are expected.. fheée measurements were made as a chegk of.thé sensitivity

of thé absdluﬁeilattice parameters, as opposed foAtheir absolute accuracy.
As ;an.be seen_(éee'for example,‘érystal_l7, Fig. 325, the §ensitivity is
much better than the 300 pPpn accﬁracy quotéd‘fof the lattice parameters;
'ihe‘absolute accuracy of oniy 300 pPpPm is largély-theﬁfeéult of difficulties
. in centefing~tﬁe diffractometer on'the sampie cellg The lattice parameters
'fo; crystals 13 through 25 have been corrected for centering érrors. 'Thg
qdrréctions Qere‘detérmined by repeated lattiée.pafémetef measurements on
-crysta1.24, with differeﬁt'centering of the difffactometer‘eaéh time.

The]ébsolute lattice parameter data, in cbnjuncﬁion Qith the'vacancy

(change in lattice parameter) measurements, have beén psed to obtain the
'mélar volumeg éf fhe various érystals at low téﬁberatﬁres,<MVo. Lattice
parameter determinations of molar volume at various temperatures are cor-
rgétedifor v;cancy cohcentration, and then averaged togethér. These results -
are shownlin f;ble‘,A.  The errors 'quoted for the x-ray molar volumes are.
the standard deviations of the differénﬁ‘measurements; _Showﬁ als§ are the
moiarAvolume; bﬁtained f;oﬁ the BVT meaéurements'of'Grilly,éi;L§—4.using

the formula
. V(x3,P) = x3v.3(P) + (1-x3)Vy (B) + x3(1-x3)C. , . (1v-1)

‘where V3(P) is the molar volume of 3He at pressure P, k3 is the 3He concen-—

: . ' ' . . 40
tration, V,(P) 1is the ”He,molar volume, and C is a constant which Mullln——/

has calculated to be -0.4 cm3/mol. The disagreement between the PVT molar

. volumes and the x-ray malar volumes is discussed in detail in Chapter V.
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TABLE 4.--Low temperature x-ray molar volumes. Thebx—ray’molar volumes (MVb)
are carrected for vacancy content. The molar volumes on the melting line

MV ) are obtained from the melting pressure (Pm), the melting line data of

ity 4,5,8 / ' 40/
Grilly, —=—' and the excess volume of the mixtures calculated by Mullin.—

The uncertainties shown for MVo are the standard deviations of the different
measurements made. ' The possible error in MV§ is 900 ppm, which corresponds to

‘ 0.019 cm3/mol. The possible error in MV is about 0.5%, which corresponds

PVT
to 0.1 cm3/mol.

Crystal x3 . T (K) P _(MPa) MVO(cm3/mol) L ﬁVPVT(cm3/m01)'

%0 1.798 '3.137 | 20.638%0.014 20. 56
16 0.99 0.561 = 3.061 24.867+0.005 24.70
17 0.99 2.040 7.853 21.000+0.022 20.95
19 . 0.99 2.017 7.812 21.046+0.014" 20.97
23 0.51 - 1.99 6.187 20.945£0. 007 20.43
24 0.51 . 1.22 3.220 23.463 . 22.44
26 0.51 . = 1.33 3.565 . 23.306 . 22.12
27 0.28 1.87 4.681 21478 20.54
28 . 0.28. . 1.58 3.475 - 22327 . 21.35
29 - 0.12.  1.701  3.240 21.246 . 20.95
30 0.12  "1.656 3 |

041 21.469° : . 21.10
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The low température xjray‘molar volumes are used for .crystal identifica-
tion throughout this chapter.
The vacancy data are summarized in Table 5. The results of two
nfits to the‘daté are Showﬁ, along with the melting temperaturé and breg—
'sure, and the low tempgrature molaf Qolume.: The first fit is a.simple
exponential fit using Eqﬁation II;25; where s, is held equalftd zero.
This is included for comparison with all the previous vacancy data on
solid héliqm, wﬁich are not éccuraté enough to be ﬁsed to determine more
thén one fittiﬁg parameter. The last two columns in the tabie list the
‘results of'fits in which both e and s, (from Eq.ZIIfZS) were allowéd to
vary. Although the results of this fit are very sensitive to small vari-
ations iﬁ the data, comparison of this fit wiﬁh the sv=0-fit shows clea:}y
that the‘fi; with s, varying is a Better parametérization of - the datai The
errors quoted'for both fits are the ﬁrobable uncertainties calcula;ed from
the fit. Figﬁres éhowing both fits for each crystal are found.in Section C.
- Phase separation has aiso been studied iq the presént work. The
phase seﬁaration temperature (Tps) found for each concentration and.pres—
sﬁre i; listed in Table 6. These trénsition temperatureg were obtained
in two differenﬁ Qays. The most obvious method w#s éimply to watch the'
l#eray ﬁéak shaﬁe as the crystal was éooled. ‘Thére is a clearly recégnizable
. change beginning'ét the’ phase separation temperaturé; An example of thé
‘peak shape‘changes isrshown in Figs. 41 and 42 forAgrystal 26. The second
'mefhod of detefmination of T g vas equating Tﬁs to'fhe';emperatgrexat which
the lattice pa?ameter'versus temperature curve went through an inflgcpibn
point.. This is'an énalogy with the method used‘by_Pahcyzyk, Scribner,

Gonano, and Adamng/ in their strain gahge study of phaée separation. The



TABLE 5.--Results of fits to vacancy data. The results of two exponential fits to the data are given. e, is
the formation energy, and sV is the apparent formation entropy. In the first fit, Sv=0’ while in the second
both ev and sV are varied. Also listed are the low temperature x-ray molar volume (MVO), the melting tempera-

tur2 and pressure (Im and Pm), anc the 3He concentration (x3). The probable errors from the fits are also listed.

CrYsﬁél ¥3 MVd(cﬁ3/moi) fquTm(K)' ‘ Pﬁ(MPa) ‘ =e§(sv=05(K) ' C ev(K) :' 4' s?
0 0 20.206° 1.979 3.710 . 12.6 *0.1 27.7 #0.1 7.8 #0.1
13 0 20.900 —-——- b b 8.6 0.1 8.2 0.1 0.2 #0.1
14 0o 20.638 1.798 3.137 - 10.62:0.05 9.59+0.05  -0.62+0.03
16 0.99 . 24.867 . 0.561 . 3.061 2.6 +0.1° 5.14%40.01°  5.30£0.02°
| 2.6 20.5¢ 5.2 20.3¢ 4.9 20,59
17 0.99 21.000  2.040 7.853 11.9 0.3 15.8 +0.3 2.0 +0.2
19 0.99 21.046 2.017 7.812 11.1 0.4 20.1 0.2 4.5 0.1
23 0.51  20.945 1.99 6.178 11.8-£0.6 35.4 +0.3°  12.4 0.2
24 0.51 .- .23.443 . - 1.22 .. 3.220 3.8 £0.1, 94£0.03 1.020.03
26 0.51 23.306 1.32 3.565 4.1 £0.1 - 4.40£0.04 - 0.28+0.03
27 0.28 21.478 - 1.87 4.681 6.8 +1.3° 27.16%0.02°  11.78:0.01°
| 8.6 +2.0° 37.0 20.35  17.2 z0.2F
28 . 0.28 22.327° 1.58 3.475 5.8 +2.3 15.2 0.1 7.3 +0.1°
29 0.12" = 21.246 <. .1.701. 3.240 9.3 +0.4 16.5 0.2 4.7 %0.1
2 W calculated from Pﬁ'only ' |
b

fee discussion of crystal 13 for details

Cooling run bafore melting zt low temperature

o n
801

Warming run after low temperature melting

]

Cooling run b2fore phase separation -

Hh

Warming run after phase separation



109

TABLE 6.--Phase separation temperéturgs. These temperatures (Tps) were determined
froﬁ the shape changes in the x-ray peaks, and the‘inflection pointé in the lattice
parémeter versus temperature data. Also listed is the 3He concentration (x3) and
melting pressure (Pm). The quoted uncertainties for Tps are the probable errors

in its determination.

Crystal X3 » Pm(MPa) Tpé(K)
23 ©0.51 6.178 0.299+0.004
24 0.51 3.220 0.399+0. 006
26 0.51 3.565 0.388+0.006
27 0.28 4.681 0.330+0.003
28 0.28 3.475 0.367+0.006
29 0.12 3.240 0.267+0.009
30 0.12 3.041 0.267+0.003
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' first method is more definite, because the inflectibn point method is
sensitiﬁe to the detailé of the behavior at tﬁe phase. separation point
Tps' This behavior is not always simple, as will be described in the
next section.
| 'One'ﬁuantitative measure of the peak shape‘chaﬁges which are the
result of: phase separatioﬁ is the width'of thé crysﬁal mosaic. This is
the width of.thé peak in the ''sca" data described in.Section fII—G—3. The
widths for various crystals are plotted near phase seﬁaration.in Fig. 21.
All the data shown here were obtained on cboling runs. An example of the
" behavior of the mosaic width on warming back through phase separafion is
shown in the,diécussion of crystal 23. | |

, The_hcp—bcc transition has been obser&ed iﬁ‘several different
circumstances during this work. In crystal 13, Whicﬁ was pufe “He, the
_transition between the bcc and hcp structures was éafefully studied. The
pransformatién‘of one of the separated phaSes;(below Tps) from bcc to‘hcpl
was observed iﬁ several of ﬁhe concentrated mixed cfystals. Finally,
phenomena ‘which hight be associated with the‘bcé to.mikédlbcc—hcp phase’

!

transformation have been observed in crystals 27, 29, and 30: ‘Details of

1

these observations are given in the next section.

C. -Details and Observations

This‘égction cantains a detailed description of the data obtained
on each specimen. The lattice parameter, vacancy, and phase separation
data aré plotted,‘and the meésurements described. There‘are also examples
~of other Characferistics, such as peak shapes and peak widths, ﬁhich apply

to more than one of the crystals. For the vacancy concentration plots and
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AFigure 21,

4Crystallmosait width at phase separation. Thé width

of the crystal mosaic for various crystals ié.plqtted

versus temperature near phase separation. This is the

width of the "sca" data peak which is discussed in

'Chapter III. Idéntification of the wvarious symbdis is

_given in the figure.
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fits, all points taken at the same temperature are averaged. On each

figure, the crystal is identified by number, low temperature x-ray molar

'volume (MVO), melting temperature (Tm), and JHe concentration (x3).

1. Crzstal‘0

The vacancy data which are shown in Fig. 22‘Were.obtained wieh
the‘B—e'drive:mechanisﬁ which was used previOusly by ﬁeald.gg/ Absolute
'lattice parameter meaéuremeﬁ;s were not possible wieh tﬁelqlder version
of the diffractometerAdrive. Uﬁfortunately; the measurements do not ex-
-tend to a low.eﬁeugh.temperature to accurately determine the low temper-

ature reference value of the lattice parameter. This makes the large

value of sv'which was obtained somewhat doubtful.

2. Specimens 1-12

Specimens 1 thfoﬁgh 12-were prepared in atﬁempts to measure the

AVacahcy content of pure “He crystals near a molar yelume df,18.8 cm3/mol.
”This‘is ehe moiar yolume at thch Heald measure& vacancies in a pure 3He
erystai.gg/‘ Uﬁfortunate;y, it was impossible ‘to obtain anyAconsistent
'daga ffom any of these specimens. The epeeimens were very unstable, some-
. times rotating in the sample cell at speeds of aldegree a minutée while the.
indica;ed temﬁeretufe-remained constant. - Aﬁ;er specimen 8, the indium
.spike'was put inside the sample celi to pfevent‘this rotatien. It has not
_beenAtotally effective. Specimens grown afte;'erystal 30,.at this same |
pressure and;composition, have retated more‘than 20‘degrees while at con-
stapt temperature. .There'is some evidence thet the teﬁperature of ther-
mometer G15678 at the bottom of the cell seems to flucteate baek and forth
a small amouht (millidegfees)‘during the rotation, but there is no -definite

ﬁroof of this.
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: Figure 22,

Crystal 0 .vacancy measurements. The data were obtained

on cooling with the previous.version of the diffractometer

used By Heald. - The solid line‘is a least squares fit to

¢

Equation II-25 in which both év and s, are varied. The

dashed curve is the fit with s =0.
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3. Cristal'l3 d

érystal 13‘requires detailed explanation. The crystal ‘was origi-
nall&_groWn[freu pure'“He at a pressure of 3.ll0 MPa, with a melting temper-
ature of 1.787 K." Appareﬁtly the £ill line heaters were turned down ln
such a manner that'liquid was trapped in the fill line. During the over-
night anneal, a strange warming was seen on the thermometer at the bottom
"of the sample cell. This was perhaps the pressure equillbratlon between
the hlgher pressure crystal in the. cell, and the lower pressure sol1d 1n
the fill 11ne whlch resulted from the solldlflcatlon of the trapped liquid
Aat'constanthvolume.(Since the-fill line was plugged abqve the trapped liquidx
The result of the above events was that the uext morning there was a good.
single crystal of bcc “He at 1,735 K. 5 .

The data taken iu the bcc phase are shown ln‘Fig; 23. vThe pure
bce phase is seen to extend from 1.70 K td'about-l;735 K. At temperatures:i
belowdl.70 K, .the crystal begins going through the phase trausitieh to a
mixed hcp—heejphase.lpThe Bragg peak disappears as a function of temperature
(byplosing:ihtensitp only;;not by,changiné shape),‘aﬁd it returns as the
' same funetion of‘temperature. There is apparently uery Iittle hysteresis
in either the lattice paraheters or peak shapes. Tig. 24 shows the "mca"
peak as the crystal goes from the hcp to the mixed phase The peak shape .
behavior aththe bcec to mixed transition is the same.

The eireles shown in Fig. 23 arelfrom seueral dlfferent<warming;
and cdoling‘runs.through the bce-mixed transition.. When' the crystal was
' waruedlabove 1.735 K; however, the lattice parameter changed irreproduclbly.
When cooled hack below 1.735 K, the lattice‘parameter again was a repro-

duclble function .of temperature. The crosses in Fig. 23 are the data
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Figure 23.

‘Crystal 13 bee phase lattice’pérameter measurements.

Tﬁe iﬁitial lattice parameterAchangesAmegéured are the
circléﬁ; Tﬁe éroéses are the ﬁeasuremenﬁsimadé éftérv
the crystal was warmed above 1.735 K.A fhe two.;bsoiute‘
measureménts (X)'were made after the étudy of the hcp
phase. The vertiéal error baré are 300 ﬁpm inllaﬁtice
?arameter althéugh the poésible error here ié large, as
aisquésea in the text. The hoxizontal errof béfs show

the témperature change during each of the absolute

_ measureéments, since the crystal was then warming with

very little temperature control. MVo is the low temper-

~ature x-ray molar volume in the hcp phase.. See text for -

discussion of the melting temperature.
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Figure 24. Bragg ("mca'") peak behavior at the bcc-hep transition
in pure “He. Thé Bragg ("mca") peak is shown plotted
at thréé different temperatures as crystal 13'undergoes
the hcp télmixed phase transition. The behavior at the
bece to mixed phase transition is exactly the same. The
péaks'were'pbtainéd at the fdllowing temperaturés: a)
1.600 K;‘(B) 1.621 K, and (C) 1.630 K. Qqe degree in

Bfagg angle corresponds to 101.3 channels on the MCA.
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taken on sevéfgi runs through the lower transition after being above
1.735 K. Appépently 1.735 X is fhé melting temperature, aboye which the
Plug in the fill iine stérted slipping, allowing tﬁe lattice pafameters
.to;change.»_Thé 1attice parameter of the second sef of data is lower than
that ofAthe firép'becaﬁse tﬁe external pressure was higher thaﬁ that of
';he crystal; so tﬁat when the plﬁg slippea, the préésufe on the crystal‘
was increésed,'compressing the lattiée. |

Ope very intéres;iﬁg point.that should be madé is that even in
the 35 mdeg temperature rahge in which the bcc phase‘egists, vacancy
generation is clearly occurring. The chahge in 1ét£ice'pérameter seen
" corresponds to-a change of vacancy concentration of 4X10_3, This fairly
’iarge number of yacanciés, and phe proof of the ability to make useful
measurementé in this phase, make further.study here useful.

Before leaving the bcc phase,-the absolute lattice parameter.
-measurements should be discussed. These meaSufements; ﬁhiéh ére-shown in
Fig. 23, were~mé&e after the work done in the hcp phase, on a different
- (110) reflectiop than that which was studied before going intq_fhe hep
_ phase. Unfortunately, the dilqtion refrigerator was in the process of
plugging, and so ;here was little temperature.control."The large error
bars on the temperatures -in Fig, 23 are due to' the warming during tﬁe
mg?surements. The crystal melted at 1.774‘K, gut because the'fillAline
was plugged,_fﬁis is not the actual melting feﬁperature of the crystal.
Eachvéf the lattice parameter measurements is the result of scans in only
“oné direction:on the diffractometer. They "are therefore accurate only to

about 500 ppm.
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- After al; the data discussed above (except the lattiee parameter
measurements) were taken, the crystal was cooled to about 1.62 K. More
Laue photogtaphs'were taken, reyealing a single hcp crystal:. A lattice
barameter ﬁeasdrement'was made en the (1010) reflection, and then the '
crystal was warmed and cooledithrough the traneitioh from the'hcp-to the
mixed phase. The Bragg peak disappeafed and returned just as it had for
the bcc—miged transition. If the transition to the mixed phase beglns
when the 1ntens1ty of the peaks starts decrea51ng, the mlxed phase is
found to extend. between 1.595 K and 1.70 K.

The. data taken in the hcp phase on crystal 13 are shown in Flg 25.

The coollng run (c1rc1es) shows a very different behav1or near the mixed
phaée transitioﬁ'than the warming run (crosses)t The Qacancy data for
this crystal, obtained on the cooling run;>are pietured in.Fig. 26. The
determination oﬁ sv from the fit to the data is especiai;y uncertain,
‘since the data stop more than 0.3 deg below the meltihg temperature.
4. Crystal 14

| Crysta1~14 was an attempt to get a better meashre of the vacancy
concentration in the hcp phase of'”He at high molar volume than was ob-
tained with crystal 13.‘ As can be seen in Figr‘27, the problems of crystal
13 were not~comp1eteiy avoided. Figure 27 shows the first cooling run on
crystal l4,}ﬁith two lattiee parameter measurements thch confirm the un-
expected highxtemperature behavior. The vacancy heasurements, shown in
. Fig.- 23, exclude the data above 1.65 K. Further watm;ng and cooling runs,
although very inaccurate becauee of experimental problems, geherally show

qualitative agreement with the cooling run which is shown in Fig. 28.
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Figure 25.

Crystél 13 molar volumes determined from lattice

-parameter measurements. The molar volumes obtained

from lattice parameter and Aa/a measurements made

in the hcp phase on cooling runs (circles); and on

warming (crosses) are shown. The absolute lattice pargm—'

" eter measurements (x) are shown with error bars which

. correspond to 300 ppm in lattice parameter. The.

absolute lattice parameter at 1.624 K was obtained
during the coolingArun.‘ The bcc phase.molar volumes

are ‘also shown. Due to the increased.uncértainty in

,thetlattice parameter measurements, the molar volumes

in the bcc phase are more uncertain than those in the
hep phaSé. The error bars which are shown, however,
correspond to thc usual 300 ppm errors in lattice

parameter.



211

20.9

‘Molar Volume (cm>/mol)

. .20.5

0.8

20.7

[ [ I A
| v i .
L a
| o+ 0| g
| S o o B o
© o & HFFH ot o+ o+ 4+ | B4
A 0 o N = O
o3 0%
g° B
O 00 ®
- | HCP BCC
Crystal 13 o o 0
MV, =20.900 cm3/mol o
o 0.
. X3=O'_ o
s -
J A.-A4 | ] | |
EE: 1.4 1.6 .8

- Temperature (K)

LAt



125

Figure 26.

Crystal:l3 hcp phase vacancy meaéurements.g The data
shown here were obtained on the cooling :un‘made on
crystal 13 in the hcp phase. The‘data above 1.5 K

were excluded because of the anomalies associated with

- 'the hcp to bece transition in this ecrystal. - The'solid

line is a least squares fit to Equation II-25 in which

bothAev'anﬂ s, are varied. The dashed line is thé fit

_with sv=0. See text for a discussion of“Tm,
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Figure 27. ‘nysfai_lélla;tice parameter measurements. .These
data wefe obtained on the initial cooling run on
. the crystal. The high temperature and low temper-
“ature abéolute lattice parameters (x) were measured
before(and afﬁer the cooling run. The error bars
on theAaBsolute measurements correspond to 300 ppm

in - lattice parameter.
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Figure 28.

Crystal 14 vacancy measuremeﬁts. The data were obtained
on warming. The solid 1ine'is a least squares.fit to
Equation II-25 in which both e, and s, are varied. ' The

dashed line is the fit with s,=0.
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Finélly, tﬁe:Bragg péak'was monitored as the crystal.wés wérﬁed through

;he melting temperature with the fill line still plugged. The lattice
paraﬁeter stopped decreasing and abruptly stafted increasing as the crystal
was warmed through Té, with ;he change dccurrihg wiﬁhin 2 mdeg of Tm. ihé
.peak:showed few.shape.changes up'té a temperature'of 1.86 K, where the
fiililiﬁe‘was unﬁlugge& and the crysgal disappearéd.' This behayior is

'simiiar to that seen in -the becc phase data from crystal 13.

5. 'Cristal 16:"

| ‘ Crystal 16.was grown in order to facilitate comparisons be;ween
the present mixture data and the ?He measurements of Heéld. The melting
ﬁreésure of ‘about 3 MPa also makes the molar volume of this crystal very
large, so thaﬁ‘poséible anomalbusAbehaﬁior of the vacancies at high molar
volﬁmes,couldlbé checked. Inspection of Fig. 29, whicﬁ'displays all the
‘data obtained on crysﬁal 16, shows no lack.oﬁ anomalous behavior. The first
cooling run (circles . in Fig. 29) follows an absoluté’laptiée parémeterA
measurement which confirﬁs the unexpected increasing lattice parametersAof
the highest,;émperature'points. These three points are excluded from the
vacancy analyéié of the cooling run which is'sﬁoﬁn in Fig. 30.A

A After a iattice parameter measurement at the end of the cooling

t

run, the cryétél‘was cooled td 0:186 K. As is seen in Fig.-.zé; below
0.3‘K the lattice parémeter increased, énd fhen sharply began to decrease
at abuut 0.208 K as tﬁe.crystal was cooled. This behavior was repeated on
‘warming‘with véry little hysteresis. .There was né changé qf peak shape

during either'cpoling or wafming. This effect is probably due to cooling

through the lower melting point of the crystal, as discussed in Chapter V.



132

Figure 29',, Crystal 16 lattice parameter méaSufements. ihe absolute
. lat£ice parameterA(x) at 0.504 K Qas obtéiﬁed after crystal

gro&th was completed. . The coqling.vacancy measﬁrements

(circles) weré then dbne, followed by theAébsolﬁte measure-

méhf at 0;280 K. The cooling run (circles)'theﬁ-continugd

to iowbtgmperatures. The reﬁurn warming rﬁn is the crosses.

A third absoluté measurement at 0.303 K was’performed; followed

'by'thé-final wapming vacancy run (squares). The érror bérs on the

absolute measurements correspond to 300 ppm in lattice parameter.
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Figure 3Q. lCrystal 16.vacéncy measurements takenvon cdoling.
These data were obtained on the iﬁitial coolihét
of this cryétal. The solid line is a least squéfes.
fit.to Equafion II-25 in which both e ana s, are

varied. The dashed line is the fit with sv=o,
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Andther measurement of the lattice'parameter after warming back to 0.3 K
showed a smgllAchange in lattice parameter which could be dueAtb the ex-
cursion beléw'the~16wef melting point.

A warmihg run was made after the lattice parameter measureﬁent at
Aabogt 0.3 K. These data are shown in Fig. 31, and are the squareé iﬁ Fig.
29. Seyeral iﬁteres;ing points should be noted. The data we;e taken right
up to the meitiﬁg temperature, 0.561 K. At low températures,Athefe is én
apparent dip in the vacancy concentration as -the crystal is‘warméd, after
which the change in lattice parameter is very steep{. This dip had been
observed'by Héald in pure 34e at high molar volumes,'but he tﬁought it was
duelto scat;er'in the data. This is clearly not the céée here: twq points’
were taken at each.temperature, with close agreément. The final point to
be made is that even ﬁhough the cooling run (Fig. 30)'and the warming run
(Fig. 31) ha&e so many differenées, both give almos; exac;ly the same re-
su}ts for ev(év=d), e?,,and sv. It thus appears tﬂat the exponential fits
_to the data are uéeful in describing the vacancy content in'gqural, inde4'

pendent of details in the temperature dependence.

6. Crystal 17

The datglobtained on crystal 17 are shown in Fig. 32. All the d;ta
shq&n were obtéined on warming, except the absolute lattice.parameter meas-
urément at 1.961 k, which was done immediately after growth of the érystal.
The conling run which was done between the lattice parameter méaSurement
and the data which are shown here qualitatively agrees with the warming run,
although experiméﬁtal problems caused excessive scatﬁer. On the warﬁing run,

two points were taken at each temperature. This allowed a correction to be
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figuré 31. Crysté;Al6 vacéncy measuremeﬁts taken on warmiﬁg.

| | These'data were obtained on. warming after the érystal
had been cooled beiow<i£s_lower melting temperafure.
The solid line is a least squares.fit to‘Equatién 11-25
in which both e, and s ‘are varied. The dashed line

is ﬁhe fit with Sv=0'
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Figure:32, Crystal }7 vacancy and abSolute lattice parameter
measuréﬁents. The vacancy data Sﬁown here were ob-
tained on wa:mihg and have been corrected as déScribed
in the text. The solid line is a least Squares>fit
to Equatidﬁ II-25 in which both e, and s, are'variéd.
The dgshed line is the fit with s =0. The absolute
lattige.parameter.(x) at 1.961 K was méasured immedi-
ately éfter.érystal growth, and the absolute measure-
ment at 1.090 K waé performed before the warﬁing run
which is shbwn hére. The erfor bars correspond to

300 ppm in the lattice parameter.
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made for drift in the "mca" data (which was probably due to insufficient
gas flow in the PSD). The agreement of the lattice parameter and vacancy

data, as shown in Fig. 32, confirms the validity of the correction.

7. Specimen 18

No data are éhéwn’for specimen 18 because'tﬁé crystal became bi-
crystaliine:as it was‘cooled. Howéver, tﬁeré are several inge;esting
points to be.mentioned. ‘At temperatures near.z K, thé specimen was a good
quality singleicrystal. ﬁowevér} afﬁer it was cooled to below 1.84 K, the
peék(split into two peaks. The interesting point is that even through
this transfofmation,.the pfesent method of data colléction still provided
consistent measurement of the lattice parameter changes. The combination
of w scans over the'crystal mosaic with ;he centroid determination of ﬁhe
peak positions- is very effective in remoﬁing the dependence‘of the data
qn'peak shape. Scans were also done at the top, middle; and bottom of the
éell, to cheék the z motionkof‘tﬁe diffractometer. The lattice pa;ametefs
at the three heigﬁts agreed withip the normal scétter~associated with w

scan measurements.

8. Crystal 19

The data obtained on crystal 19 are shown in Fig. 33. This warming
run was also corrected.for detector drift. Two points were taken at each
temperature, as usual, to check for drift. As with crystal 17, the cool-

ing run was not useful.

9. Specimens:ZO.and 21

Specimens 20 and 21 were the first attempts at growing crystals

‘with the x3=0.51 mixture. Crystal growth is very difficult in the
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Figure 33.

_Crystal ‘19 vaéancy and absolute lattice parameter |

measurements. The vacancy data were obtained on

‘warming, and were corrected as described in the

text. The solid line is a least squares fit to

EQuation I11-25 in which both e, and s, are varied.

The dashed line is the fit'with sv=0. The absolute
'1attice'parameter measurement (x) at 1.923 K was

 done .immediately after crystal growth. The absolute

measurement at 1.163 K was done before the warming
run which is shown here. The error bars on the ab-

solute measurements are 300 ppm.
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concentrated mixtures, as is disCusseg in Sectién ITI-E-2. AbsoluteA
 latti¢e parametef measuréments were made on both specimen 20 andvspecimen
21 at several different heights in fhe»cell.A The goal was ﬁo see if there
wasua concen;fation,gradient in the specimen which was making growth of
single crystélsAdifficult.- Both specimens had many grains, and weré bad
quality, but the measurements indicate ﬁé change in lattice parameter with
ﬁeight'in the‘céll. This is eépeciaily,interesting:beéause specimen 21

was melted back,:énd regrown agaiﬁ very slowly (éver a 48 hour period)
while the proéress of growth was seen by‘moniforingAthe'Bragg peak intensity
as a function of height in the cell. The crystal wés of good quality near
the apparent liquid-solid iﬁterface, but was a boqrer duality behind the
:in;erface.

ThisAslbw régrowth méthod may have caused a concentration gradieﬁt

:in the crystal, since apparéntly there was-still liquid-in the bo;tom of
tﬁe cell at'temperatures more than 0.4 deg below the "melting" temperature
at which grdﬁth started. Qualitative examination of published T=xj bhase
diagramségll(seé Fig. 4 ) would lead to:the expectation of a concéntration
gradient of tens of percent for this apparent depreséion of.the solidifica-
tion temperature. 4If‘this‘gradient was present in-this crystal, there was

no evidence. of it in the lattice parameter measurements.

10. Crystal 23
The vacancy data obtained on crystal 23 are shown in Fig. 34. These
measurements were made on warming. It was necessary to use a different cut-

off than usﬁal when calculating the centroids of the "sca' peaks because
there was a small grain at the base of the peak which was changing shape

somewhat. The cutoff was changed from 907 to 707 of the peak during this

yvacancy run.
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Figdre 34, Crysfal 23 vacanc& measurements. - The data were
~obtained on wérming.' The solid .line is a least

sguares fit‘té Equation I1-25 in which both eél

.énd s;.are variéd.l The dashedrlipe.is the ?it‘i

With's'=0.
‘ v
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The daté taken on the crysﬁal as‘it was codled, and then warmed
back through;the_phase separation temperature Tps’ are shown in Fig. 35.
These changés in lattice‘parameter are'calculated from the "mca" data only,
since the "sca" data become very unreliable below Tpé' The vacancy measure-
.ments froﬁ Fig. 34 are not shown in Fig.'35, for clériﬁy; The lattice
:parameter meéSurements which are shown were taken dufing the yécancy |
measurements. There is-a pronouﬁced dip in fhg lattice parameter before
~phase éebarafibn; The lattice ﬁarameter then quickly rises as soon as the
.temperature gets bélow Tps'

The lattice parémetgr changes séeﬁ on warmingﬁﬁack through Tps show
much different behavior than the cooling data. This is not time dependent
:behaVior. The points taken on warming at 0.435 K were separated by more
‘than 12 hours, and‘shoﬁ no hint of annealing of returning to the pre-phase
~separation lattice parameter as a function of time. This difference of be-
'haviar between harming and cooiing'is seen aiéo in Fig; 36, thch is a plot
of the width éf'the "mca" and Psca peakslon co§ling and warming near TpS
The width of the "mca" peak, which measures the width of the3Bfagg peak,
is seen to show no hysteresis at all. ‘This is very different from ﬁhe "sca“
peak width, which is a measure of the width of the cffstal mosaic. This
width does-not-decrease to its pre-phase separation width until after the
crystal has 5eeﬁ warmed to fairly near the melting témperature, where the

damage done to the crystal structure by phase separation can-be repaired.

11. Crystal 24

Shown in. Fig. %7 are the vacancy data obtained on crystal 24. The

vacancy data pbtéined‘below 0.5 K are not included in the figure or the fits

\
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Figure 35.

Crystal 23 lattice parameter measureménts. The"

.circles were obtained on cooling, and the crosses

on warming. Th? vacancy measurements from Fig. 34
are not shown on.this figure for clarity. Ihe
absolute ‘lattice paraméters (x) are shown with

3004ppm error bars.
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Figure 36.

Crystal‘23 peak widths at phase separation on.cooling
and warming. The mosaic ("'sca'") peak width is plotted
versuéltemperature for crystai 23 neaf Tps' The inset
shows the width of the'Bfagg ("mca") peak iﬁ the same
temperature range. The circles ére pdints obtained on

cooling, and the crosses are warming points.
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Figure 37. Crystal 24 vacancy measurements. The data were
obtained on cooling. The solid line is a least
squafes<fit to Equation II-25 in which both e,
and s are varied. The dashed line is the fit

_ with s =0.
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"because there was a decrease in a, perhaps-due to phase separation which
occurs at 0.4 K; It is not obvious, however, that the lattice parameter
decrease at low temperatdrés (above Tps) is not similar to the anomalous
behavior seen in'crys;al 16 and other high molar volqme crystals.

Thé vacancy ﬁeésurementsvdiscussed above, thé singie abséiute

'la;tice baramete; measﬁrément, and all the data taken on godling and warm-

.iﬁg thfoﬁéhvphase.separétion_are shown in Fig. 38. The lattice pérameter
(a) definitely starts decreasing before the phase‘éeparation temperature
Tps is reached. ' There is a 1arg§ décreasg in a as phase separatién occuré,
the total changéAin lattice parameter between_Tps apd‘O.lS K being about .

4 perpent. The gap in the cooling data at about 0.37 K is dué‘to a 9 hour

anneal. A 17 hour anneal occurred between the last cooling fun point and
the»lowgst-temperature point, during Whicﬁ the 1at§ice.parameter increased
somewh;t.' As warming was begun, the lattice parameter increased by about

5 percent, and thenvslowly degreased back toward the eﬁpected Qalue. This
type.of behavior.was seen in sevgral of the mixtures étudied.

‘The behavior above Ips on warming is different than that seen in
crystal 23 beca@se the lattice parameter is very different fr&m'that found
on cooling. A small part of the difference is perhaps due to time effects:
during a nine hour anneal ét 0.56 Kithe lattice paréméter increased_O.é%.
A final point should be notea. A quélitative extrapolaﬁion of the cooiing

curve and the Warming curve to the melting temperature shows that the two

. curves apparéntl,y meet at the melting temperature.

12. Crystal 26
Crystal ‘26 was grown at a slightly higher pressure than crystal 24

to check the amazing concentration of vacancies seen in crystal 24 near

’
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Figure 38.

Cryst#lAZA iattice parameter measuxements. »Ihe
circles are déta obtained on cooling,  and thé<
crosses were obtained on warming. The érror bars
on.the absoiute lattice paraméter measurgment‘(x)

correspond to 300 ppm, and are barely visible.
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melting (more than 3% at a temperature more than 0.1 deg below the melting
temperature!), The Qacancy data on crystal 26, shown in Fig. 39, completely
confirm thg large number of vacancies. As with all the vacancy -data, two
séans were taken at each temperature to iﬁsure against équipment difficulfies.
The'two'daté pdints'at each temperature agree very well over the whole temper-
ature range df the vacancy measurements.

All of~the measurements on crystal 26 are shown in Fig. 40. The
behavior of this crystal at phase separation is qualitatively diffgrent from
that of crystal 24, even though the two were grown at pressures different
by only O;S'MPa. Below phase separation, crystal 26 shows two distinct peéks.
The two lattice paraﬁeters obtéined from the two peaks are shown in Fig. 40.
The small lattice parameter peak has very small intgnéity immediately after
phase éeparation, and the iﬁtensity increases as thé temperature is lowered.
While this is happening, the intensity of the large 1attice‘parameter peak
goes to zefo.~ This transition is illustrated by Eigs..él and 42 , which
‘show the Bragg ("mca”) and mosaic ("sca'") peaks, fé;pectivély,-as the phase
separation bfocegds. The gap between the small latﬁice pafamete; péak dgta
and the lattice parameter before phase separation is due to the.fact that
the emerging peak cannot be sepérated distinétly frém.the larger lattice
pérametef peak:gntil it is at a different enough lattice parameﬁef fof the
two to be resél@ed; This can easily be seen in Fig. 41. The mosaic peak

~in Fig. 42 is inciuded as an example of the.degradation'of the crystal
qualify as phase Separation proceeds.

- The crystal saf at 0.35 K for 7 hours after.the-éeparation into-two'
peaks, after whiéh onfy.the smaller lattice parameter'peak was lefp. There

was little'changé in the lattice parameter of that peak, but as can be seen
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Figure 39, Crystai 26 vagancy measuréments. The'data werg
' obtained on Looling. The solid line is a least
squares fit to Eéqation II—ZS in which both:ev

and sv'ére varied. The dashed line is theifit

with-é =0.
v



. 0.05 r ————— :

. Crystal 26

0.04L MVO=4“23.306 cm /mql
1 Tm = 133K S
-.g' _X3=.5|

S 0.03 —ey=4.40K s, =0.28
El:: __ev=4.|K sV=O

O - | o

c

(o]
O 0.02

e

ol

{ o
g |

o 0.0l
>

1 | | e |

0.3 0.5 0.7 0.9 .1 1.3
‘ Temperature (K) '

65T



160

’Figﬂre 40, Crysfal;26;iat£ice.pa;ametér.méasﬁremehﬁs. The
| cifglés-wéré obtaiﬁed 6n cooling, énd the crosses
-~onAwarming. The érro; bars on the absolugé lattice
parémetér measuremené (%) cbrreépohd to 300”p§m,

and,afe'bérely Visible.
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Figuré 41. Bféggi(ﬁﬁca").ﬁeak dufing'phase separation. iﬁe Bragg
| | peakiiS'éhown és crystal 26 phase separafesﬁ Céunts |
per Channel.inAﬁhe MCA are plot;ed vefsus'channel number.
One‘dégrée corfespdnds tq-101.3:qhaﬁnels dn.thé fSD. The
~evolution of'the two separéte peaks (wHicHiwere’seen in.

crysﬁals 26, 27, and 28) is clearly visible.

" For clarity, qnly one set of actual data.ié éhowﬁ (curve Cj,
‘aé.an.exampie of theﬂmethsd usedlto determiﬂé the,othef
chrVes;}'Thé temperatures:at which the-Qarious,peaks were
obtairied are: (A) 0.393 K, (B) 0.387 K, (C) 0.381 K, (D)

- 0.377 K, (E) 0.370 K, (F) 0.359 K.
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Figﬁré 42, Mésaic (”sca") peak dufing phaSe(separgtion. -The
degehErétion of the mosaic structure of'crystéll26
. as it'pﬁaée'sgbarated is shown here ‘as a.funciion
" of témperature. " The fotal number of'coﬁnté into

the PSD per unit time is plotted vérsus:Bragg anglé.

For'ciafity, oniy'bne set of‘actualldata atgAéhown

(cque’D), as an example-of the method used £o'dé-

;grmihe'fhe other curves.:'Thé'temperatureéiét thch
* the dafa were'obgained are:‘(A) 0.393 K; (B) 0.387 K,

(C) 0.381 K, (D) 0.377 K, (E) 0.370 K, (F) 0.359 K.
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in Fig.$21, eﬁe width of the mosaicAhadlreturped te:its»pre—phase»éeﬁara—,
fion value, "As the crystal was cooled fﬁrther, the width again increased.
Nothing-unﬁsuél was ebserved as the erystal was coeled to 0.21.K: the
mosaic’fﬂsaa")ﬂpeak degenerated as expected, but the Bragé ("mca")‘peak"
shape remeihed‘basically the_eame. After 10 hours'at O.22IK, both'peaksv
were totally gone. Warming te'0.27 k caﬁsed the return ofAthe Vmce” peak,
aitﬁough'with 1ittle intensity. As warming ¢ontiﬁued, bothApeaks grew in
<intensity,'although the mosaic ("sca") peak wae realiyionlyfa bunch of
erystaliites‘epreaa ever‘about 5'&egrees, Note that oe warming‘the general
zAbehavior 6futhe-lateice parametef'(asAebtained from the_"mca" peak,.since
'the'"sca"‘beék_ie unrelieble after ﬁhase separation) for tﬁis crystal was

quélitati?elyﬁﬁhe“Same as that of crystal 2.

13. Crystal 27
. Iwofyecancy dafa runs were obtained for.cfystel 27;f'THe date dis-
ﬁléyed ip Fig. 43wefe~o$tained on a cooling‘ruq.. ihe‘data ob;éined BeloQ
lﬂ23 K were exelgded from the vacancy enalyeisﬂbecéhse of clearly enomalous
behavior in‘ehe aace:below fhis temperature. ihie'increase in lattieel
pafemeeer can be seen inAFig. 44, which is a plet'of aliALhe crystai 27
,date. This behavior has Been feﬁtatively identified wiﬁhAthe transition
from fhe‘pure Bce phase to a mixedAhcp and bcc phase; ‘Thé decrease in
lat;iee‘parameter'at 0.77 X is the result of an 11 hour anneal.
ihe.data ehown in Fig. 45 are vacancy measuremenes from a warming
run done aftef‘eﬁe‘cryetal recovered from pﬂaée separétion. Inspection
shows much‘mofe scatter of the data below 1;0 K thaﬁ aBeQe it. This is

ahout the same temperature at which the mixed phase was identified in the
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. 'Figuré 43. ‘ Crystal. 27 vacancy measurements before phaseiéeparation.‘

| The déta‘wére obtained on cooliﬁg, with tﬁe;data below -
l,ZSJK'eicluded because df fhe entry into ph§ ﬁixeaAphase;
" The solid line is a least sqﬁafes fitc to Equatﬁon II;ZS_'
in'wﬁigﬁ bqth e& andlsv are‘§aried.“The désﬁeq line is

the -fit with s, =0-
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Figure 44.

Crystal 27 lattice parameter measurements. The circles
were obtained on cooling, and the crosses on warming.
The error bars on the absolute lattice parameter measure-

menf.(x) correspond to 300 ppm, and are barely visible.
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Figure 45.

Crystal 27 vacancy measurements after phase separation.
The data shown here were obtained on warming after the
crystal was cooled into the‘phase separation region.

The solid line is a least squares fit to Equation II-25

.in which both ev and sv'were varied. The dashed line

is the fit with s =0.
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-codiing data.‘ The difference in the fit parametérs'between the warming
and cooling runs-iS‘in large ﬁart caused by the different ranges of temper-
ature covered'By'the data.

éeveral points of interest are obvious in Fig. 44 , which'shows
all the dafa:obtaiﬁed'on crystal 27. The lattice pérameters of both com-
ponents are again yisible in'the figure ﬁélow Tps' AUﬁliké crystal 26,
hbwever;,the smali peak which splits off f;om the main peak is at 1argef
lattice parameter this time. After cooling to 0.255 K, the péaks appeared
to be goiné‘;@ay cémpletely, so the crystal was warmgd. The warming data
shown below‘T;slare'not from eitheerf the peaks Séeh on cooling, but are
from the centroid of the two peaks as they coalescéd. " The quality of'bofh
the Bragg ("mca") and mosaic ("sca') peéks nearly returned to its original
pre—phas¢ separation value after a 9 hopr‘anneal at abQﬁF 0.4 X (above Ips)'
It was possiblg to perform the vacancy warming run:after phase separation
because ﬁhe crystal did not sit in the seﬁérated region for more thaﬁ about
6 hburs, thus"ﬁinimiéiné the damage to the crystal structure. It is inter-
-esting to note that, as before, near the me;tiﬁg temperature the pre-phase
seﬁarated lattice parameter agrees with that'found after phase separation.
There is also'a f;ir amount of'agreemgnt between the warming and cooling
data between 0.4 and 0.8 K. ‘
14. ‘Crzstal'28:

.‘Tﬁe vacancy data on crystal 28 arershown in Fig. 46. They were
obtained'og cqoiing, and show an interesting decfease in léttice pafameter
Z(increase in Qéééncy concentfation)‘at loﬁ témperatures. All of the data .
'from crystal 28 are displayed in Fig. 47. The by-now usual behavior below

" phase separation is seen, although this time the larger lattice parameter
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Figure 46.

Crystal 28 vacancy measurements. The data were

obtainéd on cooling. The solid line ié a least
squafeé fit to Equation II-25 in which both év
and sv'afe varied. The dashed line is the fit

with s =0.
v
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Figure 47.

Crystal 28 lattice parameter measuremeﬁts. The circles
were obtained on cooling, and the crosses on warming.

The.absolute lattice parameter (x) was obtained before

the cooling run. The error bars on the absolute measure-

ment correspond to 300 ppm, and are barely visible.

&
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peak started-shifting rapidly to.smaller lattice parameter. }Tnis was
taken to be tne transition of one of the separated phases from becc to hep,
soighe crystal mas warmed baek above ips' It was,hdped that tne crystal
quality would.be regained. Although the warming data show the usual re-
luctanee'to return along the cooling curve near phase senaration, at |
sllghtly hlgher temperatures the 1att1ce parameters do agree. This agree-
ment 1is apparently due to the fact that the crystal was below Tps for only

5 hours.

15. Crzsta1'29 |

| The data obtained-on the first warming and cooling rnns on crystal
29 are shown'in.fig. 48, Also shown are two lattice parameter measure—
ments, one obtained at the beginning of the cooling—warming cycle, and the
‘other at the end. The agreement between the Aa/a and abselute lattice
parameter measnrements confirms that the strange behavior found4on cooling
was real. Tneljump in lattice parameter from Aa/a = 0;02 to -0.05 at 0.82 K
occurred during.a 9 hour anneal.. The drop-in lattice'parameter near 0.27 K
is due to.pnase.separation. The benavior at,phaseiseparation for both crys-
tals (29 and 30) withx3=0.121is qualitatively different than that seen be-
~ fore.. While'the,changes in peak shape were fairly small, at Tps in crystal‘
29 the intensity of the peak increased by more than a third.

Crystal 29 was not allowed to go ;eryifar into the phase separation
region due to the need to make more vacancy measurements. The warming run
which followed phase separation is shown in Fig. 49. fwo succeeding rdns
were also made'qn‘the crystal, and were found to agree qualitatively with

this warming run. The vacancy measurements from the first warming run were
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Figure -

48,

Crystal 29 lattice parameter measurements. The ¢ircles
were obtained on cooling, and the crosses on warming.
The absolute lattice parameter measurements (x) were

made before and after thevcooling-wafming cycle which

‘is shown here. The error bars correspond to 300 ppm in

~lattice parameter.
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Figure 49.

Crystal.29 vacancy measurements. The data were obtained

on warming. The solid line is a least squares fit to
Equation II-25 in which both e, and s, are varied. The

dashed line is the fit with sv=0.
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used to determine the low temperature x-ray molar volume for crystal 29

which is listed in Table 4.

16. ‘Crzétal 30

| The:data on cfystai 30 are shown:in Fig. SOv; It is intefésting
that each of thé strangé features noticed in:the cfystal 29 data is fepeated
.here. The anbmaly near 0.74 K,occurs after a 11 hour anneal. Phase separa-
' tion was studied in more depail than with cry§ta1‘29. Here theAintensity

increase on phase separation was about 30%. There are no useful vacancy

data for this crystal.
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Figure 50.

CryStéi:BO lattice parameter measurements. All the
data were obtained on cooling after the one absolute
lattice parameter measurement (x). The error bar

corresponds to 300 ppm in lattice parameter. There

are no useful warming data.
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V. ANALYSIS

A. Vacancies

l._ General Results

Thé results of two exponential fits to the vacancy'data have been
summarized.iﬁ Table 5. Equation II—25»is used for both‘fits; but Sy the
apparentifér@ation entropy of the vacancy, is held equal to zero in one.
Inspection of'tﬁe varipué figures in:Chapter IV shows clearly that the sv=0
fit is a pbor‘pgrameterization of theAaata in almost eagh case. Hoﬁever,
tﬁis fit is very useful, as it allows straightforward comparison of the

present results to previous work. None of the previous studies of vacancies

12-20,27,62,104/

in solid helium have been able to determine both the forma-

tion energy ev-and the formation entropy s, Determination of sV in NMR

A - 3
experiments is difficult because the non-temperature-dependent factor e v

19/

is buried in é'pre—exponential factor which is very modél'dependent.—— . The
eptropy S, is also difficult ta obtain frém heat capacity megsurements. As
described in Qhapter II, the vacancy contribution to the experimental heat
capéqity can be obtained by subtraéting én estimate of the '"mormal lattice"
heat capacity from tbe experimenpal reéultl The Qacancy contributions to
the heat capacity are very sensit;ve to the form ;aken for the "ﬁormal lat-
tice" contribution. This sensitivity makes estimation of anything moré than
an‘aqtiQation energy very difficult.

Each vgcanc& formation energy e, (obtaiped from the sv=0.fit to

the present vacancy measurements) is divided by the respective melting
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temperature Tm, and plotted versus molar vdlume in Fig. 51. The molar

volumes are ;hosé obtained from PVT measurements (MV in Table 4), be-

. PVT
cause all'othgr Worke;s have used PVT molar volumes for classification 6f
théir resulﬁs.' The only ﬁublished vacancy activation energies for concen-
-trated bece ﬁixtﬁres ﬁave begn obtained from NMR.éxperiments. Miyoshi,i
ég_él,zl/ havé madé ?1; Ty, and diffusion measureménts'on mixtures with

3He concentration x3=0.321, 0.0778, and 0.0194, resbectively. Spiﬂ dif-
fusion measurements have been done by Grigor'ev; 25!31;22/ in mixtures
with x3=0.063, 0.0217, and 0.0075, respectively, Most NMR measurements
'in diluté mixthés concentrate on the low teﬁperaturé‘region,lgé/ where
there is much discussion of excitations sucﬂ és maSS'flﬁctuation anes.lgé/
There afe, however, sﬁin diffusion activation energy measurements b& Allen
and Richardsng( in Hcp samples with a 3He concentratioﬁ X3=SX1O'“. Only
data for x3>0.06 are shown in Fig. 51 for reasons of élarity. For compar-

'ison, x—ray,gg/ NMR,l§412/

and heat capacityléf results for pure 3He are
also shown.

| Therérare-three'basic ﬁéints of interé?t in Fig. 51. First, it
appears that below about 20.5 cm3/mol, the raéios of the wvacancy activation
énergy'to Tm in;the bcc phase (¢/Tm) seem to agree, regardless of isotopic
content or experimental technique used. At m&iar volumes larger than 20.5
Em3/m61, this is no longer true. ¢/Tm is much smaller for the concentrated
mixtures than for pure 3He. This means that there are a large number of
vacancies preséh%. It appearé that the large“vacangy éoncentrations seen
4in the éresent'work have also been seen in the. NMR work of Miyoshi, gg_gl,;gzl
and Grigor'év, gg_gl;zg/ The possible errors associated with the activation.
 éﬁergy determinations in the work of Miyoshi, et al. and Grigor'ev, et al.,

are as large as 157 of the ¢/Tm ratio, and could expléin the differences



188

Figure 51. Summary of vacancy activation energies. The activation
energy associated with vacancies, divided‘b}"".the melting

temperature Tm, is plotted versus MV for'pure 3He, L*He,

PVT
and mixtures. The x-ray activation e‘nergies' e, are the
results of the s =0 fits that are listed in Table 5.

Identification of the symbols is given below:

Symbol ' X3 Method - Author ’ Reference
® | '_l.O . x-ray - Heald 20
0 - 1.0 MR Sullivan, et al. 19
O 1.0 | c, Greywall 13
+ 1.0 NMR Reicﬁ v - 18
| 0.99 - x-ray present Apresent
LS 051 " "o "
A ‘l0.28 | " " "
.V © . 0.12 .M " | o
. -‘ 0 . ’ . . T .,
A 0.321  NMR ‘Miyoshi, et al. 27
v 0.078 "o o
< 0063 o Cfigor'év, et al. '29.,
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between the various measurements which are seen in’Fié. 51. It‘is inter—'
esting'to ﬁote that while the ¢/Tm determinations of Allen and Richardslgl/
. for molar volumes between 20.2 and 20.8 em3/mol agree very well with the
present‘x—ray rééults for pure “He, their result at 20.95 éma/mél is . |
¢/Tm¥4.2. This agrees well with the mixture resplts.and not Qith the pure
“He results. This is especially surprisiqé because the Allen and Richards
data were apparently all taken in the hcp phase. All the pure éHe hecp
phase NMR activation energiesvére much 1afger’than.the~activationAenergyl

20/

determined‘yith X-rays.— Finélly, the lowest concentration data from the
NMR experiments (X3=0.Oi94 for Miyoshi, églgl.,gzj.aﬁd 0.0075 for Grigor'ev,
et 21:22/) result in somewhat larger _d>/Tm ratios than expected from Fig; 51.
This is difficult to understand since the Grigor;ev,'gilél. result for
X3=0.O217 and the Allen and Richards result at X3=0.0005 both seem to agree
witﬁ fhe general trend of the more concentréted mixtures.

Figure 51 highlights one more interesting result. At highAmolar
yolume (21 cm3/mol), the heat capacitylé/ and x-raygg/ ¢/Tm determinations
disagree. Thé measurements on the 99% 3He mixture in this work were in
- part done to c&hfirm the previégs X-ray result; of Heald.gg/ Inspection
of Fig. 51 shows that the results of Heald have been confirmed both at low
ﬁnd high'molarh§olqmes. Unfortunatély, thére:a?e ﬁo NMR datd in pure 3He‘
Aat larger molar volumes to assi;t in thg gngefstanding of thié disagreeﬁent.
ft~is interestiﬁg to note thatiihe‘disagreemént betﬁeen the hgat capacity
and x-ray.f95u1ts for pure 3He'begins at about the same molar'volume-at
which‘the mixture reéults‘sﬁért deviating from pure substance:values.

The results of the present.vacancy méasurementsvaré displayed in

Fig. 52. The free energy of formation of the vacancy, fv=ev—Tsv, is plotted
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Figure 52.

Temperature dependence of fv(T) determined in this work.
fv(T)=ev—TsV is plotted versus temperature T, where ev

and év are taken from the fits to the vacahcy data (from

" Table 5). The solid‘lineg‘extend over the temperature

interval in which the data were taken for eachlpartiéular
crys;al; The short—dashed line ié an extrapoiation of the
solid lineAﬁo the observed melting temperature. The long-
dashed-lipe is a guide to the eye: note that'fv(Tm) for al;
the érysfalé (except the 287 mixtures, crystals 27 and 28)
lies appfoximately on the long-dashed line. Plots are

identified by crystal number:

Crys;al Pm(MPa) MVo(cm3/mol) X3
0 3.710 20.206t 0
13 Sk 20.900 0
14 3.137 . 20.638 0

16 3.061 . . 2%.867 ©0.99
17 7.853 21.000 0.99
19 7.812 21.046 ©0.99
23 6.178 20.945, . 0.51 -
24 3.220 23,443 0.51
26 3.565 23.306 0.51
27 4.681 .. . 21.478 .0.28
28 3.475 ' 22.327 0.28
29 3.240  21.246 0.12

w signifies warming, and ¢ means cooling. ¥See discussion

- : . : N . . —f-
of crystal 13 for its meltlng pressure Pm'_ MVPVT'
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veréps tempefature. The results of the two parameter exponential fit of
the Aata toAEq.AII—ZS are used, since this is clea;ly a much better
parametérization.of the data than the»siﬁple one parameter fit discussed
-abbve. The -free energy fv is plotted over the temperature range in‘which
'dataAwere fakén on each particular crystal.. fv is .extrapolated to the
melting teﬁéeratufe Tm' The low temperature ends of thé lines are more
uncértain than the high tempefatu;e ends, because~the'§acancy céncentration,
and hence fv, are easy tp measureAat high temperatures since there' are many
vacancies.

Theré is one main poiﬁf of interest in Fig. 52. Qualitativg in-
. spection of the figure shows ﬁhat nearly all the fféé eﬁefgy of formatioﬁ
at‘mglting Efv(Tﬁ)] values fall:on the same curve, regardless of mixture
cbncéntratioh; This means that fv(Tm) is not in generai a function of 3He
concentratidn qf of molar volume, but is a function only of melting pemper-
ature Tm, This conclusion is easily demonstrated for fhe crystals with
TﬁWZ.O K. In the'present stpdy, five crystals were grown with melting
1tﬁtemperatureé-§f.ébout 2.04K.- Fprvthese‘crystals, X3 varied from 0.99.to 0,
apd'the‘molat volume (MVO) varied frop 20 to 21 cm3/mol, with basically the
. same {ésult fér fv(Tm) in each case. This %ack of deéeﬁdenge on molar vol-
ume, ét 1ea§;, is surprising. It has been genera11y.thougﬁtlthat most- |
.1properties of_solid helium'équld be explaingd solely wiﬁh §§lume
effects.lggi;ggl | | |
Eoth-cryétals (27.and 28) with X3=0.é8 disagree'with the trend
which is discussed abové. The wafming and cooling runs for crystal 27 aré

both shown. Although eV and sv for each of these two runs are different,

" the extrapolation of each line to the melting temperature results in the
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same value vafv(Tm) for each. Thié value is much lower than the general
curve would predict. The other 287 crystal élso,is in diségreement with
" the curve. A éatisfactory explanation of the disagreement is unlikely as
long es the origins of the curve from which the deviations are measured
is unclear. One ﬁossible hypothesis is that there might be a binding ,
energy befween vacancies and 3He atoms iq the mostly'BHe crystal. This

and other complications in the further analysis of the vacancy data are

discussed below.-

2. Vacancy Entropy of Fbrmation

Although fits to the vacancy data have been made usingAEq. 11-25,
. with s, (the vacancy formatiqn entropy) allowed to vary, to this point the
fitted value of sv has been treated as a parameterization of the data.

- Knowledge of the actual value of s, is important because its valué can
change the vacency concentration inferred indirectly by other experimental

's

hethods, Reference to Teble 5 or Fig. 52 shows that'neérlf all the s;
determined in tﬁis work are positive; and in‘many cases large. This.does
not mean that the actual entropy ef formation for ﬁonovacancies is

large and poéitiﬁe. Other important effects, such as.vacancy—vacancy
bindipg; vacancy—-solute binding‘(in mixtu;es?; long- and short-range order-
ing (in mixteres), and Qacaﬁcy delocalization, can be,expeeted to contribute
to tﬁe apparent entropy sv.':In the present work, it'is‘clear ;hat the
temperaturegiange in which the data are taﬁen affects the fitted values of
s, For exaﬁ%le, the ewo crystals which have fit;ed sv's which afe less
than zero, 13 and 14, both hed anomalies at high temperature so that the

r

vacancy data stop at temperatures 0.3 deg below Tm. The fitted entropies
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of these two crystéls are therefore rather uncertain due to the lack 6f
high temperature data.

The monovacancy non-configurational entropy has been calculated‘
" for normal solids. A typical result (for copper) is an entropy of about

110/

+1.5. This result can be compared to the vacancy formation entropy

found experimentally for gold (sp=+l.0)lll/ and for solid krypton (sp =

+2.0) ,Ll—z—/

where s 1is the entropy of formation at constant pressure.
This positive entropy,is expected on general grounds in the constant pres-
sure case. -If the crystal is treated as a collection 6f harmonic oscil-

10/

lators, then it is easi1y4seenl—— that theé entropy due to a vacancy is

just due to the change in phonon frequencies. We have s = z Zn(vji/vjfx

J .

where vji and v,_. are the frequencies of the jth phonon before and after

jf
the vacaﬁcy is put into the lattice.v Because the vacaﬁcy allows local
expansion.ofbthe latt;ce, the frequencieslshould drop'when the'vacancy is

) consiaered, thus making s>0.

Application of this argument to sblid helium at constant volume is
not. straightforward. For example, vacancy creation at‘constant voiume
.cauées local cémpression of the:lattice, which should increase the fre-
quencies, and.décrease the entropy. The vac#ﬁc& formation entroéy»in solid
.helium has,beeﬁ discussed.by Hetherington,llé/ Widoﬁ, Sokoloff, and Sacco;llé/
and Sullivan, gé_gl;lg/ The conclusions of Héfherihgton's géheral conéider—
Ations are thatda large (svwlj,entropy cannof"be ruled aut.' Svml would |
mean that the vaéancy is easily deformed ﬁith low-lying excited states, of
ighat it has a degenerate gréund state. A 2;§o.or negaﬁive entropy would

mean that there was a single vacancy state. Widom, gg_g;;llﬁ/ predict an

appreciable negative entropy. The many inconsistencies in their assumptions
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~and analysis,‘hbwever, make this prediction questionaBle. The conclusion
of SulliQan,.gE_gl,lgf is that the entropy is negligibly small. They be-
‘lievé that.the éontribution to ;he entropy from phonons is small becausé
kBT is-alwajsusmall compared to the phonon frequenciés. The iny other
contribution possible, they claim, is the entropy associated with a lattice
relaxation with less symmetry than tﬁe perfect lattice. ThisAis unlikély
sincé thé energy required is larger thén that for a cubic reléxatioﬁ.

In light of the present data, and the theoretical considerations
mentioned aBove? two usually implicit éssumptions conqerning the entropy
of formation'S§ must be questioned. The first aésnmptipn ié that s, is
temperéture'independent. Although a temperature indepepdent s, is in most
cases consistent with the present measUreménts, the-coﬁpléxity of the.fac—
tors contributing to the vacancy concentrations does notxrule out femper—
ature dependence. Thé second assumption is less quahtitative, but is
basically the assumption fhat there exists one 'vacancy entropy of fofﬁation
for helium.”" It is clear from the preéen; data'that there are major dif-
ferences in:sv which depend on pressure, molar voluﬁe,'crystalline structure,
§r isotopic constitution. One defini;e_cbnclusion that %t is possible to
make is that many large céntributions to the‘vacancy congéntration temper-
.ature depehdénce will haveifo‘come from véﬁancy binding gnergies and simi-

lar sources if the entropy of formation is to be negative.

3. Vacancy Binding Effects’

In the present measurements, vacancy-vacancy binding must be ‘con-

sidered. In metals such as aluminum, in which the vacancy concentration

25/

at melting is only 9x107%,==' divacancies are believed .to be important.
g

We have studied here crystals with vacancy concentrations of more than 4%
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at melting. This large number of vacancies means that et'least'BOZ of tne-'
vacancies havefanother vacancy as a near neighbor. A large divacancy ﬁind—
ing energy eb(Z) coule enhance the large numper of vacant sites already
preeent in the_efystalu

A definite upper limit of the effect of divacancies on the present '
measurements cen'be found by setting the divacancy'binding‘energy eb(z) eéual
to the mdnovecaney~formation free energy fv' Equation Ii—Ql then gives the
concentration of vacant lattice sites: - | '
X = e_fV/AT +‘8 e_fv/T i eeb(Z)/T = x W 1+8x§1) eeb(Z)/T . (V—l)'

Since the binding.energy is equal to the‘monovacancy‘formation enefgy, we
have xvt°t=§xv(l); which is simply equivalent toAan'increaee in the fitted
entropy'of fbrnation s, of ln(9)¥2:2. A large divecanCy binding energ? ‘
(and by adnalogy binding energies of larger Qacancy clusters) therefore con¥
vtribueee to the epperent s, obtained from the vacancy date fits. Two_finei
points are clear: (1) even this upper 1imit'does not explain.the large
values of svegb;e?ned for many of the crystals, and (2) smaller binding
,energiee, andbrheir eontribution to the temperature dependence ofIthe"
meaéured xv; cenAbe part of the fitted veiuee of s, that have. been obtained
" -in the present work. |
Bound states of vacancies and solute afoms in mixtures are anothef
- pOSSibiliFy tnat may contribﬁpe to the formetion energy and.entropy for
the vacaneiee‘in-helium mixtnres.. The general reasoning behind this pos-
;'sibility is described in Section II-B-3. Also in thatVSection the generel
expfessiqn.is given for the free energy which is minimized to find the effect

‘of the binding on the vacaney‘formation energy-and entfopy. (See Equations
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- II-42 to II-47). This expression is very complicated fof the present case
in which both the solute concentration x3 and  the vac;ncy concentratioﬁ X,
,'aré too large to allow‘valid approximations. The dilute mixture limit of
this expréssion, ﬁhich is given ihvEé, i1—48, ié clearly inapplicable here.

.Binding,énergigg have been calculated forvthe-vacancj—aﬁe.bound
state ip almost puré “He by'Locké énd Youﬁg,ég/ ‘The réSult_is an energy
of abou; 0.2 K. This ;alculation ié fér the dilute case, and so is not
helpfulAin the presént'Case. In general, one would expect the contribution
of the vacancy-solute binding to the observed femperatgré dependencé would
'be similar to fﬁat of the vacancy-vacancy binding; ‘However, due to the
large concentrétions of_sblute atoms (3He) in the présent mixtures, further
._quantitaﬁivg analysis seems inappropriate, because theAmultiplicativé fac-. -

| £ /T
tors in front of the expected e ‘term are important and unknown.

A fu;ther complication of the situation in the mixtu;es is the
possibility of long- or short;range ordefing. It is dangerouslto épeak of
one formation eﬁergy in an ordered alloy, becduse there are two (or ‘more)

. kinds of vacanéies, with their'oﬁn formatioﬁ energies, entropieé, and lat-

tice sites.llé/ A possibility is that ordering will leave many vacant sites

of one ﬁype (as:much as 507 in_TiCllg/). Thevpossibility_of ordering in
the helium mixtures was considered after the fact; but_there was no evi-‘
dénce in suppért of ;uch‘é conténtioh. All the Laue photographs were in-
spected for indications of superlattice‘spots{fbut‘nohe Qere’ééen. Thié
ié not surpriéing. ' One can 6nly reasonably exﬁect'to SeeAthe possible

superlattice lines by:orienting the diffractometer and looking carefully in .

particular places in reciprocal space. This was not done.
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Both vacancy—vgcancy'and Vacancy—solﬁte binding apparently cause

1an adqitionél-éemperaturé dependehce in the monovacancy concentration
(i.e.,'ghe fitﬁed s, is larger). It is therefore interesting to examine
the two high molar volume crystals with x3=0.51 (crystals 24 and 26). The
vacanéy concentrétioné at melting are almost 5%, while the fitted values
" of sv'afe vgrf‘smail'wﬂen’cdmpared to ‘the other dat;.( This:small s, appar;
ently disagfees with most of the abéye‘diséussion. AIt.does, however, agree
Very wellAwiﬁh some resuits obtained by Mukﬁerjee,1Lieberman, and(RéaAllZ/'
Ain vacancy measurements on a 507 glloy‘of.gdld—ziné,  They found: 1)
4 xV(Tm)N0.6%, which is'gbout teﬁ times the vacancy concentration nofmally
found‘in the pﬁre sgbstaﬁceé, 2) ;n entropy of formation sv0.0l, which is
very mucﬁ smaller than that for the pure metals, (3)'no X-ray évidence of

a long-range order-disorder tramsition or of duehchiné strain, and (4) a
relaxation vpluﬁe similar to that of the pure subsgances. All four of
‘these resul;s égfeé with what was seen in the present 51%.mixture measure-
ments. The appa%ent lack of vacancy—vacanéyland v;caﬁcy-solute binding,

and lack of ordering in.these approximately 50% mixtures is not understood.

4. Delﬁcalizqtion

The daté on‘crystal 16.(X3=0,99, MV0=24.867 cm3/mol) were.;aken in
part to invesfigate soﬁeAandmaloué behavior seen by Healdgg/ in his measufe—
ments of pure 3He‘at high molar volumes. in éeveral'crystals with molar
volumes abové'24}5 cm3/mol, Heald séw the vécancy céncentration first dip,
and then rise ;barﬁly as the temperature'Was raised.. The prgsenﬁ measure-

ments on crystal 16 confirm that behavior. Two points were taken at each

tempefaﬁurelduring the warming run shown in Fig. 31, with close agreement.
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It is ‘interesting to note that this kind of behévior is most pronounced
in Qarming data, as is seen in this work, and that>of ﬁeald. A similar
deviation of.the vacéncy concentration ffom the expected exponential
te@peratgre dependence can be seen by careful inspectiqn qf the heatl-
capacity data of Greywail (see Fig. 19 iq ref. 13).

o The most detailed examination of the effects of vacancy delocal-
iéation and bénd structure oﬁ crystal properties, éépeciélly.heat cabacity,A

23/.

is due to Hetherington.— Inbthis wqu, Hetherington éhows that the datél
of Greywalllé/ are consistent with a finite vacancy band width, but he does
ndt éddress the vacancy concentration temperéture dependence which is dis-
cussed here. Aﬁ attempt was made to use the ideaé discussed in Section
II-B-4 to explain the crystal 16 température dependence, but.it.failed.

The basic effect of Hetherington's approximationgil-tb the band structure
is to effectively decrease the observed s, obtained from the data. This is
the opposite of the effect that is needed hére.

The present crystal 16 data could be explainediby a vacancy band
stfucture with two bands. Since vacancies in 3He are like holes in a
metal, they are fermions and can be descrihed by the Fermi distributiqn
function. Tﬁe';wd vacancy bands could be arranged so that as the Fermi
“distributioh'cﬁaﬁges shape'ﬁhen the temperature is raised, the‘nﬁmber,bf_
filled Vacané§ states in the bands.decreaéés. AtAhigher,gemperatures, the
number of filled vacancy states would increase with incfeasing temperatu?e.
The largé numbef of adjustable parameters present in such a theory make
furthéffstudy inapproﬁriate here, since there ié only one set of data

aQailable: When there are more data available, this theory should be in-

Qestigated furcther. It 1s yuile possiﬁle that the low cncrgy band might
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be associated with the existence of so-called zero-point vacancies, which

18/

were first suggested by Andreev and Lifshitz;l——
119/

and have been discussed

and invoked byvmany‘workers.

5. Cﬁnclusions

The present vacancy concentfation measurements lead tolseveral-
‘general conclusions. Vacancy coﬁcentratioﬁs of almost 5% at melting have
been méaspred in the nearly 50% mixtures of 3He and “He. These large val-
ues of xv(Tm)Aa;e qualitatively confirmed by NMR meééurgments in concen-
trated mixtures. Progress has been made toward charécperizing the detailed
temperature dependence of the vacancy concentration. Large positive apparent
' vacancy ent;opies of formation have been found in most of the crystals
: meas;red. Thié addition to the temperature depéndence of X, due to the
vacancy formgtidn energy (ev) comes from many sources, including (1) the
actual entropy_of formation, (2) vacaﬁcy aggiegates;_suéh as divacancies,
(3) vacancy-solute bindipg in the mixtu;es, (4) possible ordering, and (5)
delaocalization effects. B

The qualitative aifferencés observed in tﬁe near zero s values
obtained for thg Slvaixture (especially crystals 24 and 26), and the large
sv's obtéined'in-the 287% mixtures (crystals 27 and 28) lead Lo speCulations
onifhe cause of‘thgse differehceég The large s, seenlin the 28? mixtures
suggests that vacancy—3He binding might be important. This ié-bécked up
by the deviation 6f‘the 287% mixture xv(Tm) values frqg the "universal" curve
segﬁ in Fig. 52. 'On the other hand, the very small svfs obtained for crys-
tals 24 and 26 Suggest,thét most of the con;ributions mentioned above do

‘not apply to the 51% mixture at low pressures. Since these contributions
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are generally expected to be present, the possibility of some ordering

in the 51% mixture is not excluded.

B. Molar Volumes and Vacanqx
Volumes of Formation

Table 4 shows a comparison of MVO, the low temperature x-ray molar

. volume, with MV

Vour? which is the molar volume determined by comparison of

the melting pressure Pm with the bulk molar volume measurements of

4,5,8/ The large differences between the two molar volume values

‘Crilly.
clearly demonstrate the need for a more detailed eXémiﬁétion of the measure-
ments and théir:meaning.

The lowAtemperature molar volume MVo‘is dbtained in the present

work from the low temperature lattice parameter a and Avogadrd's number

(Na=6.OZZSZX1023/mol),lzg/ using the equation

- K
MVO = Na(ao) /2

for the bcc phase data, and a similar expression for the hcp phase (where
c/a is assumed to be 1.633). 'The c/a ratio was experimentally‘checked on
- an hcp “He crystal with a molar volume of 19.2 em3/mol by measuring the

21/

lattice spacing d of several different reflections.l*;- ' The results agreed
Ay;th the assumed value. The lqﬁ temperéture lattice parametér'ao was either
measured at a 16w enough temperature ;hat the;e weréIhO'thermél'vacancies
préSent, or ;hé'measured value of a was correééeq for the vacancy content
using Aa/a measﬁrements. MV is therefore the molar volume of. the real

crystal, that is, MVo gives directly the isochore along which this constant

volume experiment is done.
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The molar volume measured by Grilly along the melting line, MVPVT’

is also a measurement of the actual macroscopic “volume of the crystal. We

should thgrefére have MVo = MV if both measurements are made on the

PVT’

same isochore. As can be seen in Table 4, MVO obtained here, and MVPVT

obtained from the melting pressure of the crystal and PVT data, do not
agree. In'fattg the percentage difference between the two determinations,

(MVO—MVPVi)/MVO,.approximately scales with the vacancy concentration at

" melting, xv(ij.' This phenomenon is not understood. ' The detailed inter-
preﬁation of the melting molar volume measurements done by Grilly&/<is
'difficult, suggesting that perhaps the reason for the present discrepanc&
lies in the'présént interpretation of the PVT data. It should be noted

here that similar comparison between MV and MV0 for bcc “He, as discussed

PVT

VT The reason for

in Section 4, shows good agreement between MVo'and MVP
this-agreément;‘while all fhe other measurements disagree, is unclear.
Theldiséussion above depends on thé validity éf the assumptién that
the sample cell volume does not change during the experiment. This assumb—'
tion shouid be examined, since both thermal expansion of tﬁe cell, and ex-
pansion of thé cell with pressufe changes are éossible.' Tﬁe temperature

22/

dependence of the cell is smal;: thermal expansion measurementsl—— of
'Lgcite‘héve éhown that the volgme coefficient of thefméi expansion at 1.5 K
is 2;4x10f8 K~!, which is certainly smail enough to ignore here.‘ The effect
6f pressure on thé cell must bé considered in more detail.

| The compressibility of the Lucite cell is abdut_i.BX16f5 MPa_l.gg/
This ié impoftadt because vacancy formation at constant volume causes an

increase in the pressure of the crystal, and in the present work very large

vacancy concentrations were found. The vacancy pressure of formation P, is
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given by Eq. II-33. The total pressure ‘increase due to the changes.in
vacancy conce§§ration x, can be calculated using Eq. II-33 and X, Vp/Va,
‘and the ébmprgssibilit&'xT(BT=1/xT).4 QSing‘representative valuéé of Yé/vé.
from Table 7, :he measured x&, and the compressibility data of Straty and
Adamslgé/ for 3He and Jarvié, Ramm, and Meyerlgﬁ/ for *He, the total pres-
suré incfease'due to Qacancy formation (APS can Be caiculated. The results
for the pure subétances are APNO.l MPa, while invthé ﬁixtures, AP caﬂ bg

és iarge as‘l.l-MPa (crystal 27). .This'large pfeséure-increase‘cauées
expénsion of the cell, so that the measured result xv(meaS)'ﬁ -3ha/a undgr-
estimates ﬁhg'number of vacancies actually preéenﬁ.“The correction is

x, = kv(ﬁeas)[i+(xcéll/xHe)(vp/vé)]. This amouhts~tofébout_2% of xv(meas)i
The correction -can be treated simply,kas a small (+O.2) contribution to the
fitted values of sv. The correction is élsq toé gmall to affect the
'MVO—MVPVT disagfeement much., Theréfore depailed corrections are not made

. to the data.

‘The'large pressure differences calculatedAabovglhave apparently
been measured, élphough they were not attributedléo vacéncy formétion at
‘theitime.' Iedfow and Leeég/ have_made a detailed‘study of the phase dia--
grams of solid‘heliumimixturés. Théy have seen large pfessure differences
whiéh‘apparentiy correspond to vaéaﬁcy formation. Data the&lobtained on a
78% mixture is esﬁecialiy suggestive. Pressure différenées Bekween 1oQ ’
temperature gnd Tm of about 0.9 MPa were seen. ihis‘cdmpares well with
the .4P/=1.1 M?# calculated for crystal 27 (x3=0.28). The.shape of their
data is also suggestive. The pressure versus temperature plot of their 78%

sample corresponds to an exponential (with a positive entropy term), as

found here for the 28% mixtures:. The final analogy between the two sets



TABLE 7.--Inferred vacancy volumes of formation. The ratio of the vacancy volume of formation vp to an atomic

volume v, is listed as obtained by several methods: H—G, elastic theory; o, thermal expansion; X, compressi-

‘bility;-AfV/AV, volume dependence of x-ray fv'

Also listed are the 3He concentration x3 and MVO. -See text

- for details.

o o , zfv 3 . . H~- '
Crygtal X3 gvo(gm /mol) yp/va. H-G a X Afv/AV
16 "G99 24.867 0.22 0.006 - 0.09
19 ¢.99 21.046 0.56 0.52 0.42 0.60
17 ¢.99 21.000 0.59 0.67 0.49
24 0.51 23.443 - - _
26 0.51 $23.306 - - - 1.1
23 0.51 20.945 - - -
28 0.28 . 22.327 - - -
27 0.28 21.478 - - - 1.2
29 0.12 21.246 - - - -
13 20.900 1.18 .29 o.;o 1.25
14 20.638 1.31 0.51 0.52 |
0 20.21 (PVT) 1.28 0.70  0.61 1.4

S0¢
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of data is.thé qualitétive agreement of the differenceé between warming
and cooling runs.

Tabléb7,lists vacancy volumes of farmation calcula;ed by several
me thods. Tﬁe.resﬁlts of compressibility and thermal expanéion ﬁeasurements,
when combined With the present vééancy data,-cap bé used in Eqs. II-37 and
11-36, respectively, to obtain v?/va. ' The compressibility aﬁd thermal ex-

pansion measurements of Straty and Adamslgé/ in 3He and of Jarvis, 25.213}24/

for'“He are used. For both cases all of thé temperature dependence of each
pfoperty is;attributed-to the vacanciesr The small defivative terms in
Eqs. II-36 anéAiI—37 are ignored. vp has been calpulated from the volume
dependenéé of the védancy free energy as displayed in(Fig, 52, using Egs.
1I-28 and II-33. (Afv)AV)T is obtained.gfaphically f;dm the figgre,at the
highest poésible ;emperature at which the two crystals which are being com-
'pared were measured. The-fihal method of determina;ion is the use of an

25/

elastic theofy of Holder and Granato.l——' They find-chét the defect volume

is given by
v/g =G'/G - 1/B | (V-2
o/ & . , _ o )
where gp (=fv; see Eq. II-30) is the Gibbs vacancy free energy of formation
at constant pressure, G and G' are the shear elastic constant and its pres-
sure derivative, respectively, and B is the bulk modulus. The elastic con-

126/

stant data were obtained from Wanner— for 3He,,and from Franck and
wanners2 for “He.
The results of all these different calculations show some general

trends, although the agreement is élearly not excellent. vp’/va generally

decreases as the volume increases (pressure decreases). Two of the methods
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show that vp/_va is larger in “He, although the x and o determinations dis-
agree wi;hvthis.tendency. The véry low vp/va obtained with the o and ¥
methods for crystél 16 are probably due only to the lack of édequate data
in that region. Finally, it is interestiﬁg to note that nearly ail the
methods agfee in low moiar volume 3He, while the agreement in “He is poorer.
There do not appear to be any ébnormal effectsAoccurfiﬁg in the mixtures.
Séve;al;conclusions can be made on the_baéis of ghe analyses found
in this séctioﬁi First, the difference in molar vd}ume found bylthis work'
and that found in the Bulk measufementé of Grilly is unexplaiﬁed, but possibly
related to tﬁé:vacancy concentration. The lepmes of formation calculéted
: usiﬁg thermq&ynamic relations are in qualitative agréement, although much
wofk‘needs to be done here. The 1argé number 6f vacgnpies,‘especially in
the mixtures,.causes préssprelchanges of up to 1 Mfa. The ﬁressure changes
have apparently.been.measured, although mistakenly identified at the time.
The pressure changes cause expansion of tﬁeAsample ceil QsedAin the present

work, but this effect does not affect the vacancy measurements enough to

merit correction.

C. Phase Seﬁaration

1. Experimental Results

The first detailed study of the phase separation in solid helium

was made by Edwards, McWilliams, and Daunt in l962;§é/ They displayed

their measured phase separation temperatures (Tpg) in a plot of Tps versus

X3 at a pressure of 3.63 MPa (where most of their measurements were made).

36,39,40/ N

Since that time, it has been traditional o use the same type of
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plot for comparison of different sets of data. Therefore, in Fig. 53 phase
separation temperatures (Tps) are shown for several sets of data, including
those of the. present work.“All éf the data shown have been corrected to
P=3.63 MPa with the pressure dependence .of Tps which.has been determined
in the present work:. The actual values of TpS obtained in the presentAwork
are listed'ianéble.6.

To findAthe pressure dependgnce of Tps, Eq. II—;6 has been used to
obtain a value of Tc for each measured‘Tpé. In regular solﬁtion theory,
Tc is a functibn of prgssure (or volume). The values of TC obtained from
the present work are listed in Table 8, along with .the value of'rc(determined
by Edwards, gs_gl,éé/) which has generally been ﬁséd to describe the expeéted
regular solutidn behavior of the helium mixtures. dfc/dP has been obtainedA
' by a simple linéar_fit of the present Tc's to the equétion TC=APm+B, where
Pm is thé mglting pressure, because the pressure at phase separation is not
known in the pfééent experiment (or in that of Edwards, et al.). The result
for the.presént d;ta, éxcluding crystals 29 and 30 becaﬁse of their anoﬁalous
behavior, ié-A = ch/dP = -34 mdeg/MPa. Deviations from the linear fit that
are listed in Table 8 are well within the probable'erfor of the Tps determin-
ations, and show.that TC(P)'is remarkably linear ovérrthe preésure range
from 3.2 ﬁp 6{2 MPa. |

The value of ch/dP qbtained in thelpresent.wofk céh be compared to

36/

three other determinations."Panczyk, et al.,™ ‘obtain values of dTC/dP
which range from -15 to 728 mdeg/MPa. These results are calculated from
their dP/dT‘data which were obtained over a wide concentration range and

a small (2.9 to 3.9 MPa) preésure range. Arnold and'Pipeség/ have recently

" obtained ch/dP = -46 mdeg/MPa from their dP/dT data. The pressure.range
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Figure 53. Tps versus x3. The phase separation temperature Tps is
plotted Qersus the 3He concentration x3. The present

results, the heat capacity results of Edwards, gg_él.,éé/'

36/

dP/dT data of Panczyk, et al.,>> dP/dT results of Arnold

.and Pipes,ég/ and the thermal conductivity determination

28/

of'ButgéssAand Crooksi—— éré shown. All the data are
corrected to a pressure of 3.63AMPa as describé& in the
g _ text.. Ihé curve is the regular solﬁgion éurvé (Eq. II1-16),
with TC determined from the present data. iihe xéfay daﬁa
" on warmiﬁé afe presentea to-shéwlthe unsuitability of
warmihé'ﬁéasurcmcnto; The crror bars on the warming‘points‘

simply show how widely spaced in temperature"the‘data points

are.
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TABLE 8.--Values of TC obtained from Equation II-16 with the present re-
sults are’ compared to the determination of Edwards, 35.51,22/ Deviations
from a simple linear fit to the pressure dependence of TC are also listed,

along with the melting pressure Pm. Crystal 30 is excluded from the fit.

Crystal Pm(MPa) TC(K) Deviation (mdeg) ‘ Source
23 o 6.178  0.299 -1.5  present work
27 - 4.681  0.354 +3.0 - "
26 3.565 0.388 -1.3 o "
28 - 3.475 0.394 - +1.8 ' "
24 . 3.220 0.399 . -2.0 "
30 . 3.041 0.346 ~ -60.8 o
- 3.63 0.378 49.8 Edwards, et al.

of their measufements was larger (3.1 to 4.3 MPa), but only concentrations
greater than 0.9 were studied. dTC/dP has been calculated by Trickey,

et al.2Y from the x5 > 0.99 data of Henriksen, et al.3l/

They find dTé/dP
approaches Zerc'at pressures above 5 MPa. AThe present determinacioﬁ of
'dT;/dP is bciieved to be che most accurate because che pressure range studied
was‘mucﬁ 1argér‘thac in the other 'studies, and the study was done in concen-
tratcd mixtures, whcre Tc is most qcarly equal to Tpé. ,

The dérivacive dTC/dP is related to the excess volume VE by Eq. II-19
(ic regular sclutionﬂtﬁeory). Thc éresent determinatioc of ch/dP therefore
confirms two predictions made by Mullin in his microscopic calculation of

phase separation effécts.ﬁg/ His prediction that VE is independent of pres-

sure is confirmed by the constant ch/dP found here;~ Numerically, vE =

x(1-x)c, where Mullin found ¢ = -0.4 cm3/mol, and the present data show that
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¢ = -0.57 cm3/mol. The general agreement of Mullin's result with the
present one is good. The effect of the difference in c on the molar vol-
umes of the mixtures is fairly small: about 0,05 cm3/mol for a 50% mixture.

The effect of this change of MV on the difference between MVO and MV

PVT PVT

will not be large enough to qualitatively change the diécrepancy, so the

values of MVPVT havg not been changed.

A‘defailed.discussion of the TpS fesults which are plotted in

Fig. 53 is uséful. The present data for the 51%Aand.282 mixtures fall

right on the fegula; solutién curvev(Eq. II-16) which was detefminéd using
the present. values of Tc' The disagreement of the‘12%'mixture with the

curve is not understood. It is interesting to note that thé behavior of
the x—réf peaks at TpSAwas qualitatively.differgnt at this concentration.

Instead of a degeneraﬁion of the peak shape at Tps, the intensity increased

" by more than'302; It is possible that the Tps disagréement with the regular
solution‘cufvg and the intensity increases at Tps are due to the proximity
of the hcp—Bcc mixed ﬁﬁasé.

" In general, the‘agreement 6f different experiments with each other
and with the curve in Fig. 53 is good for xj3 > 9.4. At these higher con-

. centrations, it ié believed that the disagreements are generally explained
by experimental errors in the Tps determin;tioﬁs and differences in temper-
ature scales. ;The corrections éo P=3.63 MPa are somewhét uncertain, be-
cause.the melting pressures arelnot clearly mentioned in the published
reports. The &isagreemgnts at low x3 must be further discussed.

There are several points to be made. first, thé pressures given
36/

by Panczyk, et al.,~— that were used to correct their data to 3.63 MPa

are pressures immediately above TpS’ not the melting pressures. If the
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large pressure changes (due to vapancies) which were discussed in the pre-
vious sectian are invoked, then the melting pressures for the samples of
Panczyk, gE_gl,, are much highér than their quoted pressures. This would
make a positivé temperathe‘correction which should be added to the values
displayed on this figure:. The correction could amount.to 30 mdeg. for a
1 MPa pressure difference. The Panczyk, et al., data should therefore
probably be even further from the regular solution cﬁrve than they are.'
Second, most éf ;he Panczyk, et al., dgta were taken on warming,
by finding the'inflection point in the pressure'versus temperature plot.éé/
The present data clearly show‘that data obtained on warming in the phase
separétion region are unreliable. Shown in Fig. 53 are Tés's obtained from
the inflection boints of the present x-ray measurements on warming. The
lattice .parameter recovers very. slowly af;er phase seﬁaration} although
it does go throﬁgh an inflection point (see Figs. 35, 38, 44, 47, 48).
This metho& of identifying Tps is analogous to that used by Panczyk, et al.-
The re5ulté obtained in this way are incorrect and uncertain, and appear
to agree with thé Panczyk, et al., and Burgess and Crooks%gg/ déta. This
lack of consistency, and non-equilibrium-type behavior were also noted by
Greenberg, Thomiinsoﬁ, and Righardson§§/ in their NMR work on mixtures withh
';3=0.01 and 0.62.: They found';eﬁperature hysferesis of as muéh as 0.08 deg.
iThey also noticed'non—reproducible behavior af;er remixing similar to that
seen in the prééent work.
The shape of the‘Tps versus xj3 curve has been éalculated for helium'
by Mullin,ég/.as discussed in Section II-A-2. He predicts an asymmetric
curve thch is highér on the small x3 side. The present data are not in

agreement with that prediction, although the anomalous behavior at 127% makes
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thi; statement qualitative,raﬁher than quantitative. The above discuésion
of the Panczyk, et al., results make their use in the discussion of the
'validity of Mﬁllin's prediction‘questionable. Thus apparently more work
is needed to'decide the question of the asymmetry-of the Tps Versus -xj
curve. | | |

One uéeful bit of information that can be g;eaned from the present
daté below.Tps is an approximate value for the dislocation density D in
the crystal. ,wa estimates of D can be obtained from the mosaic width of
the crystal (ghé width of .the "sca'" peak). The first estimate is an upper
limit on D deri?ed by Auleytner.;gg/ His result is that D < (0.4798/b)2,
where B is the full width of the crystal mosaic, and b is the Burgérs vector.
Using ﬁhe experimental widths of 0.3 deg (crystal 30) to 0.8 deg (crystal 23),
énd b equal to the lattice parameter, one finds D ~ 2x102 to ix1010 cm™2,
If the substructure size t is known, then D éan be determined from a formula

130/ His result is that D v B/3bt. Burgess and Crookslgg/

given by Hirsch.
have esﬁimated the domain size in helium below Tés from their thermal con-
ductivity data, and have obtained t ~ 0.75Vum. This is in basic agreement
with an estimate‘by Greénberg, prmlinson, and Richardsonég/ due to their
NMR work. Their result is t ~ 2 ﬁm. Using the approximate result t ~ 1 um
in Hirsch's éduation, and thé same experimentally determiﬁgd widths B; oné'
obtaiqs D %.43108 to 1x10% cm™2. These results can be compared with the
dislocation déﬁsities of 105 to 10% cm™2 wﬁich have previously been esti-

mated in isotopically pure solid helium.léi/

2. ' Phase Diagram Specdulations

Use of the Tps versus xj3 data from Fig. 53 makes detailed analysis

of the x-ray lattice parameter data which were obtained at temperatures
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below Tps worthwhile. The Tps—X3 cﬂrve determines the concentration of

both the 3He}tich and “He-rich components of the mixture at each particular
temﬁeraturg. »Thé molar volume of each component-(qalculated from the ob-
served lattice parameter) can therefore be plotted against the cbncentra—
tion of thatAcomponentv(inferred from ;hebTbS—X3 curve and thé temperature

of the lafticg parameter measurement). Therefore, from the latticé parameter
versus temperature data taken below phase separation.onAone mixture, one
obtains the molar volume of each component everywhere along the concentra-
tion'axis; If the ?ressure is known, these meaéureménts yield P, V, T, and
phase information for both phase separated components of the mixture.

The basic purpose of the following aiscussion is twofold: to under-
stand the present data qualitativeiy, and to demonstréte that this technique
is probably a very useful method of obtaining phase.Aiagram information near
the phase separation region; Several éautionary statements must be made.
The preséuré in the présent work is unknown, and can be very different from

-the melting pressure since there are large Qécancy concentrations in the
mixture crystais; It is believed that most of the measurements were done

at equilibrium, but in some cases this may not be completély assured. The
:concentrations used in this éﬁalysis were obgained from Equation II-16 (the
"regular soluti;n.curvej, where the Tc used in the éﬁuation‘wgs obtained from
Table 8. Theféfqre, it is assumed that the phase separationAcurve is always
;“symmetrical.. fhis is probabl& not true, especially at low ;emperatures (see
-Fig. 4, for ex#mple), where there are univariant lines caused by the meeting
of a mixed phasé‘region with the phase separation curve. This difficulty is

apparent and:useful in the present analysis.
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The molar volume versus x3 data, obtained by the mefhod described
above, are‘p;ofted in Fig. 54 for crystals 23, 24, 26, 27, 28 and 30.‘ Fig.l
55'shows the ratio of the x-ray peak intensity I to Ié, the total intensity
at T > Tps. I/Io is plotted versus X3 (obtained as in Fig. 54). The-
simplest way to. describe the method with which phase diagfam information
is inferred erm this figure is by exémple. The most straightforward éx-
ample is the highest pressure crystal, #23 0). '(Plot‘gymbéls will be used
along with cryétal number to help avoid confusion. For simplicity in this
discussion, 4 will signify “He-rich, and 3 will signify 3He—rich, unleés
otherwise noted.) One can deduce that the 4 phase is»tétally hep for this
crystal, since no 4 peak was éeen. The datg on the 3 peak show tﬂat the 3
component is soiely bcciat concentrations xj >:0.77l, because the cooling.
data extrapolate to the cofrect pufe 3He molar volume for the presumed
pressure of ﬁhe-crystal. The change in slope in thg cooling data at x3 ="
0.771 is probably the transition from the mixed hcp-bcc phase to the solely
bec phase. This inference is supported by the anomaly in the peak intensity
at x3 v 0.77 in Fig. 55.

- The linglthroﬁgh the crystal 23 (0) dgta with x3 > 0.771 is a
iinear fit to't%e data. The pure 3He molar v&lume (MV ) obtained from

extrap’

this extfapolation, and the pressure.calculated from MVéxtrap‘using PVT data

(r ) are listed in Table 9 for each crystal. Also shown is the molar -
. extrap . : 1

volume (determined by P of the crystal) which should be compared to MV o,
. m - extrap

the phase inferred from the extrapolation, and the kind of extrapolation that
was domne. Pextrap is expected to be near the pressure that the crystal is

experiencing during the measurements now being discussed. This pressure -

differs from Pm because of the pressure drop assoclated with the destruction
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Figure 54.

- (MV

‘Molar volume versus inferred concentration below T s

Molar volﬁmes, calculated from the ﬁeaSured lattice
parameteré in each phase, are plétted against ﬁhe
conceh;?aﬁion xé of each of the phasé separated com—
ponents. X3 is calculated from the temperature as
desériﬁed in the text. The crystal number, melting
pressﬁre, and plot symbol for each crystal are éhown
in'tHe figure. Filled in symbols were obtained on
wafminé,lopeﬁ ones on cooling. A syﬁbol with a circle
around it ‘signifies the molar volume and‘concéntration
at which ﬁhase separation firét startéd for each crystal.
The 1iﬁés'in the figure are extrapolations of'the data
whiéh'are described in the text. The'molar volume

). for each melting pressure is shown as the appro-
PVT &

priate symbol and an arrow;'both outside the axes. Those

for pure “He are on the 1eft while those on. the rlght
belong to pure~3He. See text for detalled 1nterpretat10n

of the‘data presented here.
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Figure 55.

X—rayupéAk intensity versus x3. The eray ihténsity L
is ploﬁted versus concéntration xj3, which is determined
as desgribed in Fig. 54 and the #ext. .Io is:;he.total
intensity immediately above Tps' Symbols are the sgme.

as those of Fig. 54." Open symbols are cooling data,

solid symbols are warming data.
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TABLE-9.--Phase diagram information obtained from x-ray data in the phase

~ separated region. From 4 means extrapolated from the “He-rich ﬁhase and To 4

means extrapolated‘gggthe pure “He phase; 3 is analogous.

(MV) are in cm3/mol, and pressures (P) are in MPa.

All molar volumes

See text for further

explanation. -Plot symbols from Figs. 54 and 55 are also shown.

.Crystal Pm From Tq MV(pure,Pm) extrap ?ektrap Phase
23 O 6.178 4 4 19.15 - - Yhep
| 3703 21.88 21.88 6.18. 3bee .
27 0 4.681 4 19.86 20.37 3.43 Ybee
' 3 22.97 24.00 3.65 3bec
26 O 3.505 20.29 20.86 3.01 “bee
24.10 24.47 3.26 “bee-31iq-3bee
28 V 3.475 4 4 20.35 20,77 "3.0 “bee
3 3 24.20 24.45 3.28 3bee-31iq
26 A 3.220 4 4 20.51 . 20.66 n3.0 bhees
3 24.53 24.74 3.07 3bce-31iq
4 3 24.53 24.72 3.08 “bee-31iq-3hee
30 O 3.040.. 4 4 20.63 20.98 2.83 bhec
3 78 -

24,

31iq
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of the vacancies as the crystal is cooled from high temperatures. From
the various results of this-analysis, the preséure, concentration; temper-
ature, and molar volume'of various transitions can be inferred. These
speculations for the various crystals are listed in_Téble 10. It musf be
reiterated that these numbersvare indicative of the possibilities of the
method of analysis, but are not to be taken too‘éeriouélyﬁ

The énalysis of the crystal 27([J ) data is fairly clear cﬁt. Both
the 4 compohent and 3 component are bcc;,since both x—féy peaks are visible
(see Fig. 44’. The 4 data stop at x3=0.095 because the 4 component -trans-—
‘forms to hcﬁ. This conclusion is reinforced by the decrease in I/Io of the
4 component 384X3 épproaches 0.095 (see Fig. 55). Bdth 4 and 3 components
extrapoiate to é pressure of approximateiy 3.5 MPa. This is about 1.1 MPa
lower than Pm, which is about the pressure change predicted by the vacancy
concentration for this crystal, as discpssgd in Section B.

The lower pressure data (crystals 24, 26, 28, and'30) are more dif-
ficult to distinguish in Fig. 54 than the higher pressure data, because of
their similafities. The main result of the data from crystals 24 (A), 26 ((}),
and 28 (V) is. the determination of the l+bcc—3bcc—311q unlvarlant line. (As
befpre, “bee means thgt the “He-rich com;onent,is bce.) The upivariant 1s
aAhorizontal liﬁ§ on the T-x3 phase diagram, éiong which all three phases
'Qoexist. This conclusion is ‘the result of two features of the data on the
khree crystals ﬁeﬁtioned. First, at x3=0.83 for both érystalé 24 (A)
(warming daté), and 28 (V), there is a change in slope (see Fig. 54). As
x3 approaches 1.0, both crystals approach reasonable pure 3He meltihg line
" values. - The P b obtained with crystal 24 (A), 3.07 MPa, agrées with

extra

P obtained from the “He-rich peak of crystal 24 (A), 3.08 MPa. This
extrap - . - o
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TABLE 10.--Phase boundaries derived from x-ray data in the phase separated
region. P is the extrapolated pressure, x3 and T the concentration and temper-
ature, and MV the extrapolated molar volume. See text for cautionary notes.

‘The numerical values are not to be taken literally.

Crystai | ' Phésé Boundary - - <P (MPa) X3 . i_T(K) MV(cm3/mol)
23 O 3hep-3bee to dbee - A | 6.18 0.771  0.269 21.88
27 O “bee to *hep 3.55  0.095 °  0.255 20.37
26 O “bee-3bee-31iq univariant  3.26 - = 2447
28 ¥ “pee-Ibee to “bee-dbec-31iq 3.38°  0.831  0.328 . 24.45
24 A " ' 3.08  0.830. 0.333 24.73

20.66

30 O bhee to “hep 2.83 0.052 0.214 20.98
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agreement means that the becc “He-rich pgak must be in contact with both

bee 3He, and liquid 3He. These three phases can only coexist along a uni-
variant line. The extrapolations of the “He-rich data of crystal 26 ()]
and the 3He—fich data of crystal 28 (V) to pure SHe show the same features

" as érystal 24 (A). The results of these extrapolations are shown in Table 9.
The agreement of the different determinations of thé ﬁosition of the
“bcc—3bcc—3liq univariant and the “bece-3bec to L*bcc—3bcc-,3liq phaée ﬁoﬁndary
.in Table 10 reinforce the validity §f these argumgnté.

The data obtained on crystal 30 () also yieid some interesting
results. -The data extend only from x3=0.11 to 0.052. This lower limit is
the hep to bece transition, as can clearly be seen in Fig. 55. The intensity
of the peak is constant until about x3=0.06, where it falls off dramatically.
The fact that n§_3He—rich peak is obser;ed implies'that the 3He is all liquid.
.The extrapolated pressure of 2.8 MPa is in agreement with that resulﬁi The
one unexplained feature of the crystal 30 () data is the increase of the
ﬁeak intensity at phage separation. I/I0 is larger than 1.4. Perhéps the
'contact.with the»liquid which occurs below‘phase sepafation allows some
annealing to take place. Crystal 30 () was also apparenély in the mixed
hcp-bece phase above phase separation, which maylhave caused difficulties’
in the crysﬁal.structure. 'A siight’increase in I/Ié i;lseen in cfystal
23 (O) after it makes thelmixed to pure ﬁhase traﬁsitionL

AsideAfrom the explanation of all the bizarre béhavior seen in
Figs. 54 and 55; this énalysis allows some general speculations aboﬁt the -
low temperature mixture phase diagram to be made. Comparison of the in;
ferred phase boundaries found.in Table 10 with thelphasé diagram (P=3.0 MPa)

30/

of Tedrow and Lee™ (see Fig. 4) shows a basic incompatibility. Figure 4

shows that the mixed bcc-hcp phase meets the phase separation curve at a
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higher temperature than_that at which the mixed bcé—liq phase (at high x3)
meets the phase separation curve. fhis does not agree with the present
inferences, which show ﬁhe coexistence of “bcc—abcc—3liq. A phase diagram
which Qualitatively agrees.ﬁith the presenﬁ data is shown in Fig..56.__it
must be emphasized that this diagram is schematic.only; The relationsﬁip
A of the two univariants shown in this picture, ”bcc—3bcc—3liq and “bcg—“hcp—
3liq, is réinforcea by the fact that the “bcc and 3bec #—ray peaks existed
to temperatures lower than those possible if-Fig. 4 werg'correct. It should
be noted once more that the data in the phase separatién regi&n of Fig. 4
are determinations of Tps onl&, and have nothing to do with crystallographic
transformations.

Three otﬁer coﬁments about the schematic phase diagram in Fig. 56
should be made. .First, the width of the two;phase fégions as they meet the
phasé separafion‘curve is not determined. From the present work, it is sus-
pected that the “bcc-”hcp mixed phase width is very small, whileAthé liqﬁidus—
solidus region due to the lower melting temperature of pure 3He.is probably
wider, since,&he distortion of the MV versus xj3 picture (Fig. 54) is so
mucﬁ more obvious. Second, the feflexive behavior of the ch—hcp miked
;phase boundary cén'explain the crystal 27, 29, and 30 latti$e paraméter
_data which sﬁow anomalous changes apparently“unrelated.to vacancies (see
Figs. 44,48,49 and 50). Finally, the width of ;he liquidus;solidus region
gaf high temperatures has probably been exaggerated ﬁere; The single solidus
data point in Fig. 4 is probably incorrect, since'the pressure changes in
_that 78% sample of Tédrow and Leeég/ are probably due to vacéncies. |

Other results in Table 10 seem reasonable also. Thé,mixed hcp-bece
to pure bcc transition seen at 6.1 MPa in crystal 23 (()) agrees qualita-

tively with an "interpolation' between the published T-x3 phase diagrams
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Figure 56.

Scheﬁatic T-x3 phase diagram. This diagram has been
drawh to'illﬁstrate thé qualitative differences betweén
the cohglﬁsions of Table 10 and the phase diagram drawn
by Tedrow and Lee (see fig. 4). The results on this
diagrém:are not duantitative. A is the phase seéaratiop
curve, which is‘assumed to bé nearly regular. :B4is the

“bcc-3bcc—3liq univariant, while C is the l+hcp—“bcc—?’liq

univariant. This diagram illustrates that B probably

- occurs at a higher temperature than does C (and not vice-

versa, as shown in Fig. 4). -The reflexive behavior of

the bcc-hcp mixed phase is also shown.
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at 4.7 MPaéz/iand 11.5 MPa;éi/ The hcp-becc boundaries in these diagrams

are apparently guesses by the authors, but are expected to be qualitatively

correct. The'qﬁélitétive agreement of the crystal 27 ([J) conclusions with -
; 2 32/ 31/ |

.the published phase diagrams at 3.2 MPa— and 4.5 MPa= 1is also clear.

The present conclusions certainly fulfill the present need for an explana-

tion of the observed behavior. A more systematic iﬁvestigation of this

technique also seems in order to quantify the present speculations.

D. Bcc “*He and Other Aﬁalysis

Discussion ofvthe puré “He bece phase data ffém érystal 13 is useful.
As shown ianig. 23, the present data show the crystal meltéd at 1.735 k,
lwhile the transition from becc to mixed bece-hep occurred at 1.70 K. In this
small temperagﬁre'range the change in lattice parameter was Aal/a ~ 1.3Xl0'3,
while the measured molar volume was about 20.79 cm3/mol. These results give

some useful information when compared with bulk PVT data, such as that of

Hoffer, Gardner, Waterfield, and Phillips.lézj

The molar volumes obtained by Hoffer,‘gg_gl.,'are tied to the re-

sults of G;illy,§/ and so the same discussion of MVPV versus MVo

T

that was applied to the Grilly PVT data in Section B applies to the work of

Hoffer, et al. The molar volume (MV_ ) can be determined for the present

PVT

case from the observed melting temperature Tm and the bce to mixed bce-hep

phase transition temperature T Using the data of Hotfer, et al., the

b

present Tm=l}735 K implies that MV

P

= 3/mol. while T
VT 20.903 cm /mo;, whlle Tb

=1.70 K gives

MVPVT=207906 cm3/moi. The agreement of the two molar volumes means that the

transition temperatures were correctly identified.

Compérison of the MVPVT values should now be made to the molar

volumes obtained in the present work. Two numbers are important: MVO, which
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is obtainédlat low temperatures in the hcp phase, and MVx(bcc), which is
the x-ray molar volume obtained in the bcc phase. The same relationship

between MVo and MV as described in Section B should hold here also,

: PVT
even thoughfa_cf&stallographic transformation is invplved. The only vari-
able which is important in this arguﬁént is the voiume of the\isochdre which
is followed dﬁring this experiment. The bcc-hep transformation causes a
preééure changé'of énly 0.28 MPa, which meané that the cell expansion

amounts to AV]V'N 3.6x107" (too small to affect the present discussion).

The agreement of MVO=20.9OO cm3/mol with the MVPVT

results of 20.90 cm3/mol
is surprisingly good. Thevdiscrepancy discussed iﬁ Section B does not seem
to be preseﬁ; here. The molar volumes of Hoffef, gg_él,,lgzj are tied to
those of Grilly;éj so that.there ié no simple differende épparent between
this case and ﬁﬁezother data discussed in Section B.

The.difference between MVé and MVx(bcc) can alsq give Fhe:number of
'vacancies. Thé'felation used is simply X, = -3ha/a = -AV/V. Using MVX(Bcc)?
20.79 cm3/moi;'the vacancy éoncentratioﬁ infefred is 5.3X10'3. This implies
fV(Tm) = 9.1 K;: ihis vacanéy concentration at mglting agrees with that found
by Healdgg/ for.ﬁost’of his pure 3He crystals. The x-ray molar volume de-
terminétions thus seem reasonably consistent in the bcc‘fHe case, so that

the discrepancy between MVo and MVP in the other{crystals is not understood.

VT
The transition from bcc to hep in “He is puzzliné. The main

" point of interegtuis that the lattice parameters obfained on'éeveral dif-
ferent runs fhrough the bcc to mixed transition agree with each other. This
reproducibility is surprising because the lattice parameters obtained at the

~hcp to mixed phase transition on different runs disagree dramatically. The

fact that a good quality hcp crystal was present after the transformation
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of the bcc éryétal to hep is also surprising, since there is no simple
relationship between the two lattices.

One final point worthy of some attention is the lower melting
poin; of crystal 16. As can be seen in Fig. 29, below about 0.3 K, the
laftice parameter .of érystal 16 begins to increase,.and.then éharply.turns
over apd deéreases. This is_not due to phase separation, because TpS (for
x3=0.989 and P N‘3;O MPa) is 0.186 K; and no peak shape. changes were seen
-near the tranéi;ion point, 0.208 K; The decrease iﬁ lattice parameter is
thg result of‘melting of the crystal at the lower melting temperature of
this mixture. Fér comparison, the melting temperature for pure 3He at the
appropfiate.pfeséure (v 2.95 MPa) is 0.20 K.ﬁ/ ‘Thé melting point hypothesis
is reasonab;e‘beéause (1) the decrease in lattice pargmeter below Tm corre-
sponds to compression of the solid by the newly fo?ming liquid.in thé plugged

cell, and (2) the exact shape of the melting curve for the 99% mixture is

unknown.
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VI. SUMMARY

For‘thé study of thermal vacancies and 6f~phase separation phenomena
 in 3He-"“He solid mixtufés, a new position sensitivevdetector—x‘ray diffrac-
tometer sys;em has been developed. The system has ﬁany advantgges over
the.diffractometer previously used for studies of helium crystals. Abso-
lute latﬁicelparéméters are measured with an accuracy‘of‘300 ppm, andithe
system-is capable'of much better accuracy if crystal éehtering problems are
‘overcome. Vacancy (Aa/a) measurements are considerébly more stable and re—
producible than in the past. The sensitivity of the helium vacancy déta

to crystal-éuality, rotation, and Bragg peak4shape chahges has been dramati-
B célly reduced. . Detailed information about the moséicistructure of the crys-
tal is available from each scan of the Bragg peak which is being»studiedf
Th; diffractomefer—PSD system is completely controlled by an LSI-11 micro-
computer,'allowiqé‘much flexibility in possible scan modes. The LSIél;

also makes imhediate analysis and storage of the data»possible.'

The most remarkablq’result of the present study of vacancies in
3He-"He mi#turés‘is that the concentration of vécancies in -several of the
mixed crystalé Qas almost 57 neaf the melting tgmpéfature. The character
of the temperégure dependence of'ﬁhe vacancy coﬁcehtration was different
in the»5l% and 23% 3He ﬁixtures. The large appareﬁﬁ‘entropy of formation
that was fouhd.foi the 28% ﬁixture crystals suggests that vacancf clusters
and1Vacancy—3He Binding effects could be important.. The largeAmolar volume
517 mixture crystgls, on the othgr hand, show a yeiy small appargnt entropy '

of formation. This surprising result suggests'fhatAordering or 'vacancy
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delocalization may be more important in this mixture than the expected
“vacancy clustgr and vacancy-3He binding effects. Vacancy measurements in
a high molar volume nearly pure 3He crystal lead to speculations about
vacancy delocalization and band structure effepts. Ihe first direct

. measurements of‘vacancigs in hcp “He are reported. The hcp “He data are
in bésic agreement with thé Ecc'results in pure_3He'ahd mixtures.

Absolute lattice parameters of most of the'crygtﬁls studied here
have been measured with an accuracy of 300 ppm. In conjunction with the
Aa/a measurements, the low temperature lattice parameter has been determined,
from which the molar volume oflthe vacancy-free crystal, MVO,Ahas been ob-
tained. Several methods are used to obtain the vacancy volume of formation
vp. AAnalysis.of the preésure increases éaused by vacancy formation at con-
stant volume shows that there are large pressure drops in the mixtures as
the large numberlof vacancies are destroyed on cooling. These pressure
changes have apparently been measured in the past, and explained incarrectly.
The compa?ison.of MV° to the high temperature x-ray molar volume for the
bee “He c;ystal measured here results in an estiméte of 5x1073 for the
Qacancy concentration atfhelting. Aa/a measurements in bcc “He have also
shown ﬁhat:it is possiblé'to obtain usefﬁl vacancy information, even though
"there is é.very'limited temperature range'availablé.

The present diffféétometer-PSD system has also made possible a de-
tailed x-ray study of the solid phase separation in fhe mixtures. This is
the first phase separation study in concentrated mixtures in which a micro-
scopiq probe wés'used. The phase separation temperature Tps was determined
from crystals grown over a wide range of concentration and pressure. From

these Tps measurements, the pressure dependence of Té (related to the energy
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of mixing) was determined to be linear in pressure, with dfc/dP=—34 mdeg/MPa.
This value is believed to be more accurate than any previous determination.
From dTC/dP éne_obtaiqs Ehe excess volume of the mixture, vE=—0.57 x3(1-x3)
cm3/mol. The calculation of VE by Mullinﬁg/ iS-sho&n to be in qualitative
agreeqent with:the present result. The astmetry of ﬁhe Tps versus x3 phase
" separation curvé prediqted:by Mullin is not supported, and the data of

36/

Pénczyk,.ggggl.,——- wﬁichAdq support Mullin's prediction, are shown to be
questionable. | | |

Analysis of the lattice parameter déta obtained during~phése'separa—
tion suggests the use §f~the present method to make a detailed study of the
low temperatufé'fhase diagram ‘pear phase separation) of helium mixtures.
The present daté allow several qualitative cénélusions énd speculations
about the form of the low temperatﬁre phase diagram. One éonclusion that
is backed by several different types of evidence is that the bcc “He-rich
- phase exisfsfto'much lower temperatures than claimed in published phase
diagrams.ég/ The present data in the phase separateq région also suggest
‘that study of the kinetics of the phase separétion'process may bg possible:
fo; example, the apﬁarént domiqance of the returning Bragg peak by the
' 3He—rich4domainé, as the phase“separated solid'is warmed, cgﬁlbe studied
5& the present fechniques. -

The.inc;eased sensitivity, accuracy, énd flexibilityvof the new
, diffractometerv?SD system makelseveral subjecﬁs attracgive for further study.
Pure bec 3He at high molar volumes is still a candidate‘for further study,
especially té subsﬁantiate further the complex temperature dependence of

the vacancy concentration. For comparison, bcc “He could be studied further

with the techniques developed here. 3He-"He mixtures are also an inviting
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subject, (1) for further study of phase-separationvand the low temperature
phase diagram, and (2) because of the large number of vacancies in the

mixtures, and their apparently duaiitatively different behaviorvin dif-

ferent mixtures.
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APPENDIX A

CAPACITIVE STRAIN GAUGE

A capacitive s;raiﬁ gauge was built to measure the pressure of Ehe
crystal.‘ The design, which is shown in Fig. 57, was constrained byAthe need
to grow single-cr&stals, and not obstruct the accesé of‘the X~-rays to.the
crystal.. The size of the capacitor plates, 1.6%x0.25 cm, was perhaps the
biggest difficulfy with the design. Because they were so small, the capaci-
tance of the gauge was only about 10 pf. The capacitance of the coaxial
cablg between'the inductor and the gauge was about 50 pf, so the sensitivity
of the gauge to préssure changes was smaller than its desired value.

The eléétronics used to measure the capacitance changes are shown
in Fig. '58. Aituﬁnel diode oscillatq%Ais the basis of the circuit; in which
. the capacitor (gtfain gauge) is part of an LC tank circuit. The oscillator
circuit is similarAto that used by Van Degrifégzéland Boghosian, Meyer, and

34/

Rives}——; As,thé capacitance changes the frequency of the resonant circuit
_éhanges. This is detected by?ﬁhe frequéncy coﬁnter. In the configuration
shown in Fig. 58, the ascillatqr was stable to one pért in 105 in frequency.
Awaever, this was .not good enough to allow préssure measurements with the
wgtrain gauge. - With a larger éépacitance iﬁ the gaugé, the éérameters of the

various components in the oscillator circuit would not be so critical. 1In

‘this case the oscillations would be more easily stabilized.
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. Figure 57.

Stréin gaugevdesign. Shown Héfe'is an exploded view
éfAthe capacitive strain gauge,‘moqnted on the Lucife
sample cell (F). The movable capacitor plafe (E), the
fixed plate (D),'an& the mountiﬁg blocks (C) afe Lucite.

Plate (E) and blocks (C) are attached to the Lucite cell

 with Clearwell Lucite Cement. Gold was evaporated on

‘the'two'plates (D and E), with a thickness of'ZlO K on

the fixed pléte (b) and 600 2 on the moving plate (E).
Electrical connection to the coaxial cable'(ﬁ) (Lake Shore:
Cryatronics_Type A ultraminiature coax) is made with Uniset
Condugtiﬁg Adhesive (Polymer.Products Div., Omicon Corp.).

The 0.025 mm Mylar spacers (G) are used to assure that the

-two plates are not shorted together when the‘strain‘gauge

is assembled by screwing the plate (D) onto tﬁe mounting

blocks (C) with the aylon 1-72 sCrews (A). The Capacitanqe

v

of the assembled gauge is about 10 pfk
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Figure 58.

‘the 0.6 cm diameter teflon core, y is 15 turns). R

Sfrain‘gauge elecfronics. The tuﬁnel diode oscillétor
is shown ih ;he lower left corner. The diode D is é
General Electric BD-6 tunné% diode. C is thé strain
gauge, while L 'is a tapped inductor (x 1522 tufns on
P
limits the power into the resonant circuit, and is 75 Q
here. The,raﬁio of Ri to R, determines the Biasing of
the diode. R, is 26.1 K9, R, is 2.15 KQ,.Cy is 20 pf,

and C, is 2000 pf.

' The bias supply is shown inside the dashed line. The

batteries B are Eveready E42N 1.35 v mercury cells. The
rf filter components L3 and C3 are 50 uh and'22 uf re-

spectively. The bias current can be measured. (Bias Meas.).

The rf signal (v15 MHz) is analyzed with the electronics

shown on the right. Thé preémp is an. Arulab PA-620 tunable

-preamplifier, the amp is an Arulab WA-600E Wide Band Ampli-

fier, and the‘frequency‘codntéf is a Fluke;1900A Multi-Counter.
The interface, Blox, LSI-11, and chart recorder are discussed

in Appendix C.
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APPENDIX B

MACHINE LANGUAGE PROGRAMS

nge;al machine language (macro) programs were written to facili-
tate communiéaﬁion bétwéep the LSI-11 microcomputer and the Blox and MCA.
READER.MAC and WRITER.MAC are macro subroutines which are éalled by,the-
Fortran proérgms used on. the LSI-11, and which'reéd and write, respectively,
to any .module in thg Blox. MCASUB.MAC is a macro subroutine which rgads
the data from:the MCA at 3000 baud (through the'intérface and Blox), and
stores it in a file on the floppy disk in a specifié ASCII format. A
listing of thése programs. follows this discussion. |

'READER.MAC and WRITER.MAC are all that is needed to perform.ény
communication with any Blox module. READER.MAC is called in the Fortran
progrém with "CALL READER(J,K,L)," where J is the Blox module number
(decimal), Kfis the result of the read (in octal),'and L is 0 if a readAwas
tried 1000 timeé, and failed. The call for WRITER.MAC‘is similar: "CALL-
WRITER(J,K)," where J is the module number, and K is the information to
be wfitten (in decimal).

MCASUBfMAC pérforms several functions, allqwing the ‘data from the
MCAv;n he read»into>the LSI-11 very:quickly. Tﬁe‘ﬁbA_transmits 4 bits to
the cgmputer'at<one time, and.these.A bits are par£ of the usual 7 bit |
ASCII code. The four bits do not give an unambiguous definition of the
characters tfanSmitted, and so careful attention must be payed £o the format
in which the data are transmitted. This difficulty‘is the explanation for

all the format- counters involved in thela bit to ASCII translation part of
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the program. Tﬁe data are stored in the file FD1:MCATEM.DAT on the flqppy
disk, in ASCII, in the same format as that obtained ffqm the MCA when the
teletype output (110 baud) is used. The data in this file are then analyzed
later in the Fortran program which called MCASUB.MACA;s a subroutine. No

extra parameters are needed by the subroutine.
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READER.MAC

READER
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READER
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WRITER.MAC

LGLORL  WRITER
MCALL CREGIEF » o o V24 oy JEXITy JPRINT

. )
L ‘V 4\) ¢ ¢

 REGIEF
CDRCSR=177510

~» s

s GET ARGUMENTS FROM MAIN FROGRAM

as

WRITER? MOV JHDRCSR R SORCSR OINTO R
MOV (RS4R3 PR3=4 OF ARGSy RS FTS TO ARGL
Moy @RI YRD MO # TO R2 : :

16 BR REALY FOR A WRITE?

~s r@> Cr

TST (ki) CSTEST DRCSR . o

BMI FINZ : FRRANCH IF INTERRUFT FENDING
- TSTR (R1) § DONE? :

RFL WRITER $IF NOT TRY AGAIN

FUT DATA INTU RER

@y "G» |

MOV F29 (R1)D SDROUT TO WRUFy 8T TO DRIN
MOV RIRS) y2(R1) SWRITE THE DATA TO BEX
SECOND? TST - (R1) SREADN DRCSRK
BML. - FIN3 , : SRRANCH IF INTERRUFT FENDING
- TSTR (R1) . FRUSYT . ,
RFL. SECOND .. SYEPs TRY AGAIN
CLR (R1D $0 TGO DRCSK

WRITE TO THE MODULE IN ER

ey e e

AL #100000s K2 SMAKES IT EASIER TO WRITE
MOV R29 2 (K1) 51.0A0 MOD AR IN REXs THEN WRITE
THIRIE TST . (R1) © - SREAD DRGSR
EMI FIN3 . SERANCH IF INTERRUFT FENDTNG
TSTER (K1) . SDONE® ' '
BFL. - THIRD SNOFE s TRY AGAIN
TST 4 (k1) . 3STATUS OK?
EMI FIEN ‘ - SNOFEs GO TO FIN
: . ORTS FE
FIN3D  JFRINT  #MSG3
‘ VEXIT
FINRS . JFRINT  #MSG1
VEXIT
FING JERINT #MSG2
CGEXIT
MEGLS  WABCIZ  /STATUS NOT OKyRUSY?/
MEGR:  LABCIZ  /TRANSMISSION NUT UK/
MSG3S  JASCIZ  /ZINTERRUFT FENIVING/
LENDU T WRITER
*



244

MCASUB.MAC

CSTHIS FROGRAM IS A MODIFICATION OF UFDIOWN.MAC
§THIS FROGRAM READS 4 RITS FARALLEL FROM THE MCA DIRECTLY
CSINTO ASCII. DRCSR IS THE ANDRESS OF THE FARALLEL ROARIDN USED
SRY THE BLACK ROXs C IS THE AIDRESS OF THE DECWRITER SERIAL
s ROARD., REFEAT!: IS VERY IMFORTANT. - ITHIS TIME DELAY IS
SNEEDED TO KEEF FROGRAM FROM READNING CHARACTERS TWICEs AND ALSO
SFROM MISSING A FERCENTAGE. IF STEFS ARE ADDED IN THE READ
SFART. OF THE FROGRAMs WILL FROBARLY HAVE TO CHANGE THIS
FNUMRER, LOOK AT TRL AN TGATE OUT OF THE MCA AND IF TGATE
SIS NOT LOW FOR AROUT 3.5 MSEC AFTER TRL: GOES L.OWy THEN MORE
STELAY I8 NEEDED. IF USE. #100. INSTEAD OF 300y THE RAUD
SRATE 18 AROUT 1000 INSTEAD OF THE FRESENT 3000.

«GLOBL  MCASUR ‘

SMCALL  JREGREF s« o V240 v o FRINT s (CSTGEN JWATTy o CLOSE

JMCALL  WWRITCy eEXITs o READUW  CSTAT ‘

e e V2o,

REGREF

ERRWR =52

G 77%560

CDRCER=177510

THIS SECTION CREATES OR OFENS FI1IMCATEM.DATs INTO WHICH
THE DATA GOES.  ALSO SETS UF COUNTERS AND FLLOFFY BUFFERS.

€y e ar ey

MCASURS: MTFS . #0 SALLOW PROCESSOR INTERRUFTS
MOV #1005 @HC SALLOW CONSOLE INTERRUFTS _
LUSTGEN $DEVSFCy#DEFEXTy #FILALD SFILADD IS FILNAM ANDR
RCC TEMF3 o S JUMF NEXT STATEMENT IF 0K
JFRINT - MBGEH s 00FS ‘

TETR CHERRWRD FTEST ERROR WORD -
BNE L TEMFL sBRANCH 1F ERROR 185 RBAD DEVICE.
: HFRINT  #MSEG3 . SERROR IS FILENAME: ETC,

TEMF3:  JCSTAT  #CAREAs 0 HCADDR : =

RCS. -~ NOCHAN § CHANNEL NOT OFEN :

CLR . eC $8TOF CONSOLE INTERRUFTS

CLR BLOCK s ZERD RLOCK NUMERER FOR NEW FILE
CLR R4 ' SZEROD COUNTER . :

MOV ERUFLYR2 sPUT BUFL ADDRESS IN FOINTER
MOV - HFRUFNIL s R3 PR3 NOW FOINTS TO END OF RUFL

DOTTA:  «WAIT . #0 $ 15 CHANNEL #0 OFENT
BCC - DHOWNL. T sIF 80 THEN DOWNLD

TEMFL: - JMF ERR , s IF NEITHER OPENsRTN TO ERRI

NOCHAN? PFRINT ~#M&GL14
EXIT

FILADD?: ASCIZ  "FIRIMCATEM.DAT:="

EVEN

i
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SETHIS

DOWNL IS

FIRGT

SECONI

ING
.whllf FAREAs #FO o FRBUF 1L s #4009 #F INy BLOCK

1
ﬁld:ﬁll THE
v

SECTION FILS FLOFFY. BUFFERS. IT
SFROM LATER

FARTS OF THE FROG.
JER FCeFILL

THT- ~ FINFLG

BNE . i

FINFI.G

ING
MOV
MOV

BI.OCK
FRUF2yR2
FRUFNDD o K3
JER F e T
TST ~ FINFLG
BNF 1%

ING FINFL.G

VWRITE #AREA $0y #RUF2 s 400 s F INs BLOCK

INC. BLOCK

MOV FRUFLyR2
MoV FRUFNDL s R3
BR NHOWNLD
SMF ERR4

MO FNRCSRy R
MOy E7270005 R4
ING . R4

B FINISH
T&T (k1)

BMI FINL
TSTR. (K1)

R, FIRS |

CLR (K1)

MOY F&b9 2 (K1)
TSTR (k1)

R SECOND
TST 4CR1)

ML FIRST

L.IKE

- yHAS RUF2
S IF NOT SENI

o sHAS RUFL REEN LOANED

NEW CHARACTER FROM EBER

S LEAVE

S DIROUT

5IF
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I8 CALLED
A SUBROUTINE,
SFILL RUFL FROM MODEM

BREEN LOADED YET®?
ERROR MESSAGE

FEET FINFLG FOR WRITING

SWRITE RUFL. TO FD
FCOUNT NEXT RLOCK TO KE WRITTEN
SFRUT RUF2 ALDRESS IN IUINTFR
FR3 NOW FOINTS TO END OF RUF:
SFILL RUF2 FROM MODEM

YET®?
ERROR MESSAGBE

FOR WRITTING
SWRITE  RUF2 TO FD
SCOUNT NEXT RLOCK TO BE WRITEN
SPUT BUFL ADDRESS IN FOINTER
SR3 NOW FOINTS TO END OF RUFIL
G0 BRACK ANIY FILL RUF1L

FRELAY A RRANCH- |

SIF NOT

POET FINFLG

GEND

LRCSR
TRIES.

VR1I FOINTS TO BRE
SCOUNT & OF READ
FANOTHER READN TRY
§IF R4 HAS RIT 18
SIS RIT 15 1% A
INTERRUPT FENDING

GO FINITSH

=1y

sRONET
s IF NOT TRY AGAIN

TO CR»ST TO DRIN
sMON ADDRESSy READ THERE
FTRONET )
s IF NOT TRY AGAIN

SIS RUSY OR FLAG ON?
YESy TRY REAII AGAIN

IN BE
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STHIS SECTION TRANSLATES EACH 4 BITS INTO ASCIT
ING 0 (R : SREBUF TO DRINy RESULT AT 4(R1L)
MOV, - 4(R1)sR4 SDATA INTO R4
COM - Fe4 ‘ SCOMPLEMENT DATA ,
MOV LTIV EO RS SRS 1S MASK FOR 18T 4 RITS
BIC TR e R4 SRESULT IN R4 IS MCA 4 RITS
CMFER - F12eR4 o SIS IT A LINE FEED?

CREQ noITS FIF-S0 DOITS «
CMPR #1509 R4 516 IT A CARRIAGE RETURNT
KEQ - DOITé SIF S0 DOITS ‘

CMER $0 s R4 1S IT A O OR SPACE®?
BEQ SIXTY CSIF 80 SIXTY 4
AL 60 R4 R4 IS NOW AN ASCII &
TETH RO $18 RO OCLAST CHAR IN 47
BEQ norrLo FIF S0 DOILTIO
TET RO : SIS RIT 15 1%
BMI norrTy ' IF S0 DoITY
AL #100000s RO SMAKE RIT 15
IR noLTy FGO TO norT7. o
0OITIOE MOV F79RO : SSET FORMAT COUNTER FOR NEW #
R LonorTy GO TO norTy ,
NOIT6: MOV . 49RO SOET FORMAT COUNTER FOR OHAN &
RK CDOITE : SGO TO DOITH .

GIXTYS: MOV #4409 R4 _ SCHAR. 16 NOW A SFACE

: TSTR - RO , : RO OCLAST CHAR. OF #)7%
BEQ- - noITs

9
s
¥
TST . RO . y
§
N
v

F.os0 norrg
» RIT 18 LOIN MIDDLE OF 47

g
[$
¢

I
TF
L€
GMY HorTY IF YES THEN DOLTY
R norTy GOoTO NOLTZ
norres Moy #79RO sEET UF RO FOR NEXT #
norres Moy FE0 R4 . SCHAR I8 A 0 ' R
norrz: nEC RO ' . SNEC FORMAT COUNTER FOR NXT CHAR
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§CHQRQCTER IS AGCTT NOWe SO FUT-IT INTO FLOFFY EUFFER'ANU

G0 GET NEXT CHARACTER

HOTTSES  MOVE
IR

REFEATS ALD

: RGEC -

GOONS  MOVR

£ M
EL0
TS
FING CLR FINF
ROK '
ROS

RTG

- FLOFS 8T

RR
.
PFINISHEDY ARRAN
FINIGHS MOV -
ZERDS  CLRE
M
BL.O
GUR

TST
BNE
cWRITE

LOLOSE
MTF S
MOy
LTST
T&T
, KT8
FANLS o oFRINT
JEXTT
FRRLD 0 FRINT
CEXIT
KR4 FIRINT
O LCLOSE
EXTTY
ERRED T FRINT

=L OR2) « SAVE $SAVE CHARACTER

- LOOO0sRE SRETURN BUFFER POINTER TO FIR

S R4y (R2) 4 s FUT CHARACTER IN RUFFER

RS sCLRORYG FOR USE AG LELAY COUNTER
#3000 RS SOELAY 100 TOD SMALLS00 TOD RBIG
REFEAT s IF CARRY NOT SET THEN REFEAT
JIN CABE 1TSS TN
FREVIOUS BUFFER

RavRE FARE WE AT BUFMNI? S
FIRGT : ‘ SIF NOT THEN GO GET NEXT CHAR

FC ’ SRETURN TO DOWNLI IF BUFFER FULL
LG sSET FLAG TO ZERO

RO ' MOV RIT O TO CARRY
- FLOF s IF 170 ERROR THEN GIVE UF

FC SRETURN TQ FROGRAM
(5F )4+ SCORRECT (8F) FOR UNCONDITIONAL
JERANCH FROM A SUBRQUTINE

- CERRS ‘ BEND 170 ERROR MESSAGE

GE  FARAMETERS FOR RETURN T0O FORTRAN PROG

F3e~1 CR2) SEUT AN EOF AT END OF FILE

(R2X4+ PCLEAR RUFFER

R2vR3 §1S FOINTER AT RBUFFER ENDT

ZERQ o C8ITF ONOT THEN KEEP ZEROING BUFFER
T

i

i BYTE

. FINFLG ' ' SHAS LAST RUF LOADED YETT
CERRA ‘ 5IF NOT THEN SEND ERROR MESSAGE

FAREAHOy REv k400 v BFIN BLOCK  SWRITE LAST BLOCK
STO FLOFFY DISK.
kO SCLOSE FILE
#O L ALLOW FROCESSOR INTERRUFTS
F1005 QFC SALLOW CONSOLE INTERRUFTS
(R + ‘ SRESET STACK FOTNTER
(GF) 4 S
P
FHGGE

EMEGL

MGG

3¢

EMEGE

1)
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MGG ¢
MGG
M&GGS 2
MEGE

JEVEN

GAavE:
QELAY S
B
BUFND $

BUFNDZC
FINFILG:

”

CAGLTZ
CABCTZ
CASCTE
CAGETT
CASCTT
CABCTE 2

JAGLIZ S

c WORT
WORI
ez +1.000
s 41000
SWORD
CWORD
JRLKW .

Ce BLLKW

o WOR
o RILKW

o EENII

BN SEFy ILLIGAL FILENOME yETC./
/O0FS/

ZCSTAT CHANNEL NOT OFEN/
ZINTERRUFT FENDING/

ZCHANNEL NOT OFEN/

ZFUR NEW FILE  TYFE FILINAME EXTm=/
BUFFE
IO ERROR DURING WRITE/

0
Q

0

0v0v0s0 -
107

 MCASUR

T 248

KOFATL-NQ FLOFFY OR BAULD RATE T00 HIGH/
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APPENDIX C

X-RAY DIFFRACTOMETER INTERFACE SCHEMATICS

The iﬁterfaée is broken into three Sections.‘ The first section
is the Reaa-Section, which is shown in Fig, 59. AEachxof the five func-
tional blocks of Fig. 59 is then shown in detail in Fig. 60 through 64 .

It is with the Read Section that the 6 digit BCD numbérs from the encoder,

3

frequency counter, digital voltmeter, and the 4 bitsAfrom the multichannel
~analyzer (MCA) are read into the LSI-11, 16 bits at a time.

The second section is the Encoder Translation Section. This sec-
tion translatés-the grey binary code.obfained from the shaft'encoder into
5 BCD digits. This information is then read into the computer with the
Read Section, and it is also displayed on the front of the interface box
.with LED's.. A general diagfam of the section is given ‘in Fig. 65, aﬁd
details are.sh6wn in the two block diagrams Figs. 66épd 67.

The.third section is the 3 Digit D to A'Seéfionf ihis Qas designed
for use with the strain gauge electroniés. It éllows.any of four sets of
digits from the frequency counter to be displayed on a chart récorder.

, Digits 543, 432, 321, and 21- (where - is nothing) can be displéyed. Which
of~fhe combinations is used is determined in the Selection Block, Fig. 68.
The output of this block goes to the D to A Block, Fig. 69, whére the BCD

to binary and digital to analog conversions are done. The oﬁtput from this

block then goes to the chart recorder.
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Figure-59{

Blogk'diagram of interface read section. This diagram shows

the relationship of each of the different functional bloéks

in the read section of the interface. Information generally

flows from the top of the diagram to-the bottom. jsignalé
which iﬁterconnect the different blocks aré.labeled.4 Inputs

are: (E), 5 BCD digits from the encoder translafion section

'of ;Hé interface;'(F), 6 BCD digits from a Fluke 1900A fre-

-quency counter; (V), 6 BCD digits from a Vidar 520 digital

voltmeter; (X) uhassignéd 32 bit inputs;7'c6htrol lines from
a Blox module REG306; and 3 control lines and 4 data lines

" from the MCA (Tracor-Northern TN-1706). Outﬁuts are: 16 bits .

and 2-control lines to a Blox_médule REG312; 3 lines to a Blox

modulé~REG309; and 3 control lines to the MCA. - The five func-

" tional blocks, shown in the next five figures, are: (I) Data
Input Block, (II) Read Control Block; (III) MCA Block, (IV) Data:

FSeleqt Block, and'(V) MCA Control Block..

A syﬁbél, followed by a number in ‘parentheslis,. weans tbat tﬁére
are th;t many bits of infofmation beiﬁg transﬁitted, i.e., E (32)
ﬁe&ns éhat there(ape 32 separate lines from thé ehcbder beiﬁg
represented Byfthé one line drawn in the scﬁeﬁatic. This’ﬁotation:

holds thrbughqut this appendii. Also, integrated circuits are’

L 135/ .
"labeled by small letters in circles, and their‘numberS”——/ are

: listed at theAbbt;om of each figure caption.’



Ef |X - 'REG 306 MCA
| VTRIG T T T .
FTRIG 1D EAD
) | ] 2iD RO
8 A . |
A il PST
I CLK |
CHK
4 R S
Ya(4)| vg@)iy4)  lyp(4)
| I-REQ I-RPY
MCA
I Q(4)
| STA| [STR RO
@] v M@ REQ RPY |
| yp{4) . |
A | T GATE
REG 3i2 - | REG 309 MCA

ACQ

16¢
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Figure 60.

Data Input Block (I). This block connects one of the four

_input data sets (E, F, V, or X) to the 16 output bits

(Yi(l,Z,A% or 8), i=A,B,C,D);' Which of the four input séts

is chosen is determined by inbut lines A and B.. The (:) chips

5.

therefore are juét switches, of which there are 8 sets (of 2
each). The notation for the input lines is: ;L; where q is E,

F, V, X; j=digit number; k=1,2,4, or 8th bit. For each two a

‘chipé<(hence'one BCD digit), there is a 1étch (:) which stores

the data Zi(1,2;4, and 8), where i is 1 through 8. This store
happens when a pulse occurs on CLK. In this way all 8 digits
can be ‘stored inteo the latchesv<:) at the Samertimé. Next,

either the first four digits (Zi(A), i=1,2,3;4),:or the second

" four digiFS‘(Zi(4), i=5,6,7,8) are connected to the 16- lines

out froﬁ this section (Yi(4), i=A,B,C,D) thfough the multiplexers

(:). These mﬁltiplexers are controlled by S.

_This system is necessary because only 16 bits can be read into "

‘the REG312 and the LSI-11 at one time. One must be sure ‘that all - -

32 bits of the input data were obtained at the same time, even °

. though only 16 are read at one time. The latches (:) , which

store all 32 bits:solve this problem.

(3) Dual 4 + 1 Multiplexer (74153)

() 4 Bit Latch (7475)

(©) quad 2 > 1 Multiplexer (74157)



EFVX E X EFVXE FV X
il il il il i2i2i2i2  i4 i4i4 i4 i8 i8 i8 i8
N I O [ 1] | [ 11
Zil Ziz |%a |Zis
— ' - | '/
T .
. E - Z;i(4) - -
2,(4) Z5(4) Z(4) Zg(4) - Zy(4)ZA4)  Z,(4) Zg(4)
|©1 |.©| | |©| | |©1_ <
B4 yg(4) yo(4) yo(4)

YA
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Figure 61.

Read Control Block (II). All the critical timing.that
controls the reading occurs in this section. PST going

high sets up the logic for a read sequence. CHK goes

“high when READ is allowed: through the logic in block Iv.

This ca»u'sesva pulse (CLK) from monostable (.) : [5_—2] )

which latches the data in Block 1. 'Iﬁ also éauses I-REQ

- to go low. This tells Blox module REG312 that the data ‘

are‘réady:to be read. 'finally, the CLK pﬁlse séts S low
so that the first set of 16 bits is read (see block I)

When the Blox REG312 starts reading, I-RPY goes 1ow This
sets I-REQ high again. When the read is finished, I-RPY
goes high; Tﬁis sets S high, so that the sééond set of
digits will be read, and it sets I-REQ low so that another‘
read by the Blox REG312 Qill occur. I—RPY agaiﬁ goes }ow

during the read, which sets I-REQ high agéin; I-RPY goes

high at the completion of this read, but since both sets of

4 digits have béen'read, nothing else happens.

(4) Dual flip-flop (7474)

(:)'Monostable'(74121)
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Figure 62. MCA Block (III). This bléck switches £he MCA 4 bits énto.'
theAséme-lines used to read the other data (encoder, fré—
quenc& éoﬁnter, etc.) into Blok:mo&ule REG312. It also
relays the MCA I/O'controls between thé MCA and fhe inter-

'facef M is set high.when the MCA'iSAread, éwitching the

MCA data and controls'ontoAthe output lines (yA).and the

coﬁtrol lines REQ and RPY; Ql; st-Qu; Qg are the 4 data

Bits'froﬁ'the MCA. It was originally thought that another

‘4 bitsb(Ls—Le) wouid be needed, and so ghat wiring is in-

place@ élthougﬁ presently unused; REQ énd RPY work as be-

fore (éee_bloék II), but now they are‘connected'to TRL “and

Tasz_tﬁrough a flip-flop ( (:) ). Eﬁf‘goes high when the

MCA is‘réédy with 4 bits to be'transmitted. This causes

REQ to goAiow,Acausing a read by the‘REG312.; That makes RPY

gov1Qw; which sets REQ high. RﬁQ makes ?EXEE low, whicﬁ'keeps

thé MCA from get;ing a new char;éter feady.j Whgn the read.
is.éomple;ed, RPY-goes high, cauéing‘iasz to go high, allowing

° ‘the MCA to start the mext cycle. .

(:>‘Dual Fiip—flép (7474)
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Figure 63. Data Seleét Block (IV). This block has two functions,
(1) to set up the logic for block I so that the correct
data set is read, and (2) to.prevent reads when the ex-
ternal eéuipment is not ready. (1) is accoﬁplished
simply by a flip-flop ( (d) ) which saves inputs 1D and
éD,(from.REG306)~as A and B (which are used in block I)
when PST. goes higﬁ. If the notation l=high,'0=low, (A,B)
is used, then the-code for the different input data sets

is E(0,0),-F(1,0), V(0,1), and X(1,1).

~ Function (2) involves the input READ, from REG306. This
is set high when a read sequence is desired. The output,
.CHK, only becomes high affer the READ signal has made it
through‘the trigger logic. If the data set‘désired is |
F or Yg'then the REAﬁ le&el will ornly be passed after
FIRIG o? VTRIG goes to the correct level. This assﬁres
that the frequency counter and DVM are not read while their
outpﬁt is changing. The output CHK is also read by Blox
module RﬁG309, sé tﬁgt the LSI-11 can wait for the FTRIG
or VIRIG .to be correct before it continues with thelread

sequence program.

(:) Dual Flip—fiop (7474)
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Figure 64. MCA COpcfél Block (V). This block uses 555 timeis.@
. to make‘coptrol signals from REG306 compatiﬁlg_with tﬁe
contfols of the TN-1706 MCA. The pulses whiéﬁ control
the I/OA(ETi).and acquire (STA) functian'onthe MCA
ﬁeed to be longer than 15 usec. This requires 555 timers.
" RO gives the status of the MCA I/0 function, while KEGA

gives theAstatus-qf'the MCA acquire function.

() Timer (1M555)
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Figure 65.

. there are two sets of inputs, for example T

Encoder Translation Section.. This figure shows the

interconnection of the various parts of the translation

. section. Although the grey-BCD translation- block

(Bloék VI, see Figure 66) is the same for each digit,

the grey code forces much interconnection between digits.

" The inputs (seé Fig. 67 for details) are Ui’ where U ié

units énd i is A,B,C, or D, with A being the least sig-
nificant bit. T is tens, H Hundreds, TH fhousands, and
TTH ten thousands. Outputs are in the notation used

previously (see Fig. 59). For the TH and TTH inputs.

AL and TAZ.

These aie known respectively as lead and lag. Only one

set, either lead(or.lag,'is used at any one time. See’

Fig. 67, (Block VII) for details. The 5 BCD digits which

reSult‘from the translation are the E input set to the
Read Section (Fig. 59), and are also connected to an LED

display on the front of the interface.
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:Figure 66.

Grey té BCD Translation Bloék (Vi). The grey to BCD
translation block ié'thg same for each digit. fhe
périty checker ( ) giveé a high output when the
number of high inputs isleven.v The logic employed

here will become obvious with study of a éamplg of

the grey code which is obtained by counting from

O'tl:oA'9.

" Decimal A B C D
o 1. 0 0 0
1 1 1 0 0
2 0 1 0 0
3 0 1 1 0
4 0 0 1 0
5 0 0 1 1
6 0 1 1 1
7 0 Lo 1
8 1. 1 0 1
9 1 o0 o 1

The néxt ten numbers'are obtained by.iﬁcrémenting the
least significaﬁt‘bi;{of the next hiéher digit'by one,
and thén counting back from. 9 to 0. The advantage; of
this codenare that‘only oﬁe_bit changes between any two
consecﬁtive numbers, and that the combinations 0000 and
1111 are not.gsed; and are therefore useful in checking

for open or short circuits..

- (8).Parity Checker (74180)
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Figure 67a.

Lead—Lag’Selection Block (VII). The selection of

either the lead bits or the\lag bits for the thousands

‘'or ten thousands inputs for the encoder is done by

the most significant of the hundreds bits, Hb.  When
the hundreds digit is between 2 and 7, the lead bits

are chosen (HD is low), while the opposite is.true

between 8 and 1. This is necessary because this en-

codex-is actually tw0‘encoders,,a highvspéed'enqoder

and.a low speed enéoder, The lead—lag'design is ﬁsed
to.aiieviate possible pfoblems due to‘éligﬁment betweén
the two encodérs, and it prevents éhy'poésible ambighities

in data between the high S§eed and low speed ehcoders.

Encbdef Input. The encodef itself isvjustra set of-switches.
The preéent~§cheme uses aiiO KQ pull-up résistpr atﬁached
to the 5 volt éupply. When fhe switch 1is opéh; thélinput

td the inverter is ﬁigh, while if the sﬁitch is~closed, the

input to the inverter is grounded.
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Figure 68; 3 Digit D to»A Digit Selection Block.A In this block;
which of 4 possible combinations‘(three digits each)
from tﬁe frequency counter.(input data set F)_will be
displayed on a chart recorder is chosen. Digit 6 is
the most significant digit (msd). uPossible'combinatibns
of digits are 543, 432, 321, and 21-. - Six ﬁultiplexers
( ). are used to select the correcf bits that are in-
put ;6 the next block (Fig. 69). Thé,notation for the
inputs to the multiplexers ié ij, whefe i'is the digit
numbér; and j is the bit number (either 1,2,4, or 8).
The ogtputs are labeled Zi’ where<iél is the least sig-

nificant bit (1sb).

(i) Dual 4 - 1 multiplexer (74153)
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v

Figure 69. D to A Block. The 12 bits obtained from the digit
. seiection bléck'are converted to biqary by this
‘érray of BCD to BIchonverters ( (:) );3'Tﬁe 10 bits
tﬁué-obtainea aré conve?ted to an analog signél by |
the D/A convertér (.<:> ). vThe 6utpu£ is diSpléyed

on a strip chart recorder.

(n) BCD to BIN converter (74184)

[

'<:>‘Analog-Devices MP 1812 D/A
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