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~ of NaCl is presented and discussed.
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| KINETICS oF VAPORIZATION OF SODIUM CHLORIHE

Joseph Eugene Lester

: . : : S
Inorganic Materials Research Division, Lawrence Radiatlon Laboratory, o
and Department of Chemlstry, o e
University of Californla, Berkeley, California

ABSTRACT

The kinetles of vaporization of sodium chloride single crystals

. into vacuum have been 1nvestigated using mlcrobalance and mass spectro-

imetric techniques in the temperature range h50 C to 650 C« The total

evaporation rate from the (100) fece of high purity single crystals of
low dislocation densify (etch pit count ~ rxlOG/cm?) was found to be
lower than the maximuﬁ.rate caiculeted from the equilibrium pressure
by a factor of two. The activation energy of vapofization for these
crystals was 52.611 and 62,1%1 kcal/hole vapor for the monomer (NaCl)
and dimer.(NEQCLQ).molecu%es, respectively, The monomer to dimer ratlo

. oz . : .
in the vapor is given by log M/D = wl.17+.2 + 2,0%,1x10°/T. The total T

- rate of vaporization and the activation energy of vaporization were

- dependent on ﬁhe dislocation densify. The evaporation rate of crystals

having etch pit densities of ~ lOT/cm? was equal to the maximum equili-.

- brium rate. These crystels had activation energles from 2-4 kcai/mole

higher than the cryst‘els with low dislocation densities, The dependence :

of the vaporization rate on the presence of various cation and anion

impurities have also been studied. A model of the Vaporization mechanism



"

" may also be found in the iiterature.

P

'I. INTRODUCTION

The vaporization of solids has been the subJect of many.studies

since the early 20th century. Most of the investigations have been studies

of the solid-vapor equilibria,l’2 primarily, studles of the vapor pregsure .

of the solld. ' These studies were performed to establish thermodynamic

properties of the substance, Relatively little attention has been paid

to the kineties of the vaporization reaction, that is the steps by which a -

solid constituent breaks away from the lattice oh the vaporizing surface,

‘Recently, several investigations5 have shown that the actual rate of

~ vaporlzation into vacuum can be as much as several orders of magnitude
. .lower than the rate calculated from equilibrium pressure measurements. -

_However, the only studies which dttempted to correlate the evaporation

behaviorlto the properties of the solld state have been performed using =

: A3203,u S,5 As,6’7 P,6 and CdS.BZuA review of the probable mechanisms for |

the vaporizetion of these materials may be found in the literature.9’lo’ll

Reviews of the theoretlcal approaches to vaporization kinetics and

of the role of crystal imperfections in cryétal growth and vaporization

9,12-14

The purpose of thig investigatlion was to explore the mechanism of

yaporization of lonie sollds which do not dissociate to the elements upon

. evaporatlion, in particular, the alkall halides. The avallability of single

crystals of reasonably high purity, which are essential for definitive

vaporization studies,ll makes these materials attractive for study. In

 addition their thermodynamic15 and electrical propertiesl6 are well known,

Another advantage 1s that the potentlal energy of an ion or molecule in the

e v s v et 23 e =

.
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crystal lattice or at the surface can be calculated to a reasonable

. 17-20

,‘accuracy using semi—classical techniques.,

- of the evaporation klnetics of the alkali halldes should be complementary

to the'development.of a theoretical model of the kinetics of vaporization

; of ionic solids..

We have studied the evaporation behavior of the (lOO) face of sodium -

' chloride single crystals under g wide range of conditions of the solid.
This face was chosen hecause it is’known to be the most Stable crystal

face (a crystal cut to another orientation and allowed to equilibrate

- will facet to expose. (lOO) atomic planes) The solid vaporizes according

to the dominant net reaction

NaCl (solid) - (1-x)7_»1\1ac1 (vapér)_+,x/2 1\1&12(:12 (vapor) |

In the temperature range of our investigation (h50 C to 650 c) and under

the different vaporization conditions the dimer is roughly 5 50 mole % -

‘v of the vapor. The monomer/dimer ratio is somewhat greater for conditions g

of free vaporlzation into vacuumﬁthan for vaporization from an effusion

_'cell.22

£

In order to explore the kineties andvmechanism'of NaCl vaporization .

the following studies.were performed. The total evaporation rate of one
' face of a gingle crystal was measured as a'function of temperature using
a vacuum microbalance.. The.vapor composition and the vaporization acti-
. vation energies of the monomeryand dimer were determined using a mass
spectrometer. We have investigated the effect of lattice defects (dis- LA

locations) and the effeet of certain Impurities (Ca , Br s OH » O ) on

the vaporization rate and vapor composition. Ultra high purity NaCl crystals

were grown from zone refined crystals in order to study the vaporization

Thus, an experimental study :



=

Kinetics of impurity free mberial. | |

We féund that dislocafibhé éhangéd‘both thé activation éne?gies and
total evaporatibn.rate of NaCl, éhd that diVéient éation'impufities
.affected the activation eﬁergy; fAniQh impurities had no observable effegt.
We also present a possible mechaﬁism foi the vaporization of sodium

chloride which is in aeccord with‘fhe avallable data,
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1T, VAPORIZATION MODELS AND' THEORETICAL
N CONSIDERATIONS s |

The purpose of this section is to examine the current state of the
i?theory of evaporation kinetlcs. The discussion w1ll not attempt to be ' r"f o
';;complete, in that there are several good review articles in the field.9’.l:L |
';h-All of the theorles which have sought to explain the kinetics of vaporlza—v
.tion-from the“Propertiesfof the solid have used & monatomic SOlld as their~ f%
model, These theories consider only“the”movement of atoms in'space and |
‘vln general, are based explicitly or implicitly on an equilibrium model.

| It has been shown that these theories do not apply to the vaporization

of II - VI semiconductors where ‘a charge transfer or redistribution

1 It is doubtful whether they are applicable

process 1f "rate limlting".
to the vaporization of ioniec sollds but their con51deration is warranted
- because they 11lustrate the general approach to vaporization behavior ‘:
of solids. | |

The earliest attempt to explain the rate of vaporlzation of a solid .
was made by Langmuir. 23 from the_kinetic theory,of gasés the;rate‘at

which molecules in a gas strike a unit surface is given»by:
N2 . N
T (molec/cmusec) =. N v/h - IR (1)

where D is the gas density, and v is the average gas velocity; USing ‘
(l), the ideal gas equation, and assuming the velocity distribution to be

Maxwelllan, then ' o g | - ' o R %

A list of definitions of symbols used may be found in Appendix D.

e ey ey
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at Peqh<2;nvma#_T)-l/éi 'l;_li' ::.':." (2)

'where m is the Weight of a molecule of the gase. - Langmuir postulated that

the evaporation rate of a solid into vacuum wasg given by Eq. (2) This - _
assumption has been proven not to be the ‘case for a large number of solids,l;,‘

.and indeed, there is no a priori ‘reason why the number of molecules

evaporating from a surface under non-equllibrium conditions should be equal

to the kinetic theory expressioné(Eq. 2).2l+

25

Neuman - has considered thevévaporation rate of a surface of NS

- molecules, all having a heat of faporiiation Ev, assuming that the energy

distrlbution‘of the particles is Maxwellian. He found for a sjstem of

harmonic oscillatorsz

<2ﬂm KT 5/? -E_/kT

av _ _ f xr \i/2 e'eo/kT 1 é . (3)
v \Frm) . T wT 3N ( h 1/kT)-l :
8 : e I |l-e
A

where €, is the zero point energy of the solid, The denominator .is
equal to the vibrational partition function of the solid Qiib' Equation

(3) can be written ast

v . '
R 4 rens e—Ev/kT - (%)
Nat = % " : '

50 ‘ QVib

-,

where_Qzéahgw-ﬁtnanslational—partition—fUnetion of gas. Since

Q“t:rans int e'Ev/RT _ Uot e-EV/RT _ v
_ c
QU e o Qe |

e
peq/peq
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- -'?vh;Qint"_‘-..f sy
. PR L ,"- d‘b E eq Q . R - . -
N S intv'”

vhere Qint/Q'int o |

'a' 1s the’vaporization'coefficient. Thus, the rate 18 only equal to the

equilibrium rate, in this epproximation, if the internal partition functions

of the solid and vapor are equal. Since Qi " includes the rotational,
_vibrational, and electronic partition functions for the vapor and Qint
includes only the rotation and electronic partition functions, then a
for a polyatomic molecule cannot be unity in this model and should be
approximately o = 1/Q | |
PP ¥y oy = Qg - o | | | .
Kbsse126 and Stranski®! postulated that the surface of a crystal is
non-uniform energetically and~thet severel characteristic atomlc positions
are important in growth and vaporization phenomena. TFigure II-1 shows a
model of a simple cuble lagttice w1th these sites labeled. ‘The most

important position is the so-called "kink" or "half- crystal" (position

1/2 in Fig. II-1) as the removal (addition)_of an atom from this position:

. . .
constitutes a repeatable (site self-replicating) step in the vaporization -

r . : . 2 .
(growth) of the lattice. Burton, Cabrera, and Frank 8 have calculated the
equilibrium concentration of "kink" positions in steps occurring on the
surface of a simple solild taking into account (nearest and next-nearest
neighbor interaction energy in a simple cubic lattice or face centered
cubie lattice). They find tlat da,the mean dlstance between kinks,is -
w. /kT. S
d, = a/2 (e ; +2) - (6)
where a 1s the lattice spacing and ni is the formation energy'of a single

kink, For a (10) step on a (100).face of a simple cubic lattice with
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Fig, II-1 Kossel-stianski model of a erystal surface




N onlyvnéarest neiéhbofintefac;ioés:': *'"
vy~ /6 Ec

:ﬁhere E, is.thé<energy;of érystaiiizaﬁibﬁ-ofifhe_iatficé;,lAt,Ec/kTiﬁ 2hy .
- waever, théy also show that, fo£:IOW'index_fdces‘6n cryﬁféls‘having
'ﬁearest-neighbor and/or.nékt neaiést_néighbor.interactions, lattice sfeps,
.ére nét an equilibrium‘feature bﬁ& must arise from disloéations or other
non-eéuilibrium imperfeetions.v_Hirth and. POund?9 have used this modelbof
| the crystal éuiface to calculate‘ﬁhe‘rate of vapqrization. The assumptibng
| in their derivation aretr | “ o
| l) >edges of the crystal sé%ve as ledge soﬁfcesuaﬁd the édge spacing
is large cOmpaied to the ledge spacing, ' :

2) +the energy of an atom is proportidnél #o fheknumber of nearest
' nelghbors, f | " .

3) thevnumbef‘of kinks ih;iand_atoms‘at aviedge are.eQuél to théirv:.
equiiibrium.number. - : .; ' '
They find that surface diffusidn:§f afoms aﬁay from the ledge 1s important.
in establishing the vaporization ?ate in this model. The.derivation.is, |
long and will not be repeated hefé; therésults for qv, the vaporiiation

- coefflecient, aret

| o = (2%/X) terh Ei/ei)‘ (7)

where

X = (Ds/vz‘)l/ 2 exp (AF%dgg-r-/QkT) '.

‘equals the mean free path for rendom walk of an adsorbed atom~on‘a close



9~

packed’surface, v vibration frequency of atoms on the metal surface,

Ds = gurface self-diffusion coefficient, AF des = free energy of activation

~ for desorption of an atom from surface to vapor, and h represents the

average spacing between monatomic ledges on the surface. ~For the values

- of N/X calculated in their deriﬁd&ion:

o = 2/5;'(P/Peq_) +1/3 ) ._ | _ o (8)

Thus, av ghould be 1/5 when a solid vaporizes'into vacuum_and'Should increase.

to unity when P = P_ . This result will only be valid (in this approxima-

e q

tion) when the density of ledge sources other than crystal edges is small,

- Of course, the application of these results to a real crystal depends upon

- have found that the ledge spacing on alkali halides i1s pressure dependen't'3

the applicabiiity of the hypotheséS'to the crystal. Several in&estigators
| 0,31
and 1t i1s also known that the energy of an ion iﬁ the lattice depends on.
more than its number of nearest néighbors, thus the hypotheses geem not fo
fit the alkall halides. ‘ ' |

These,calculations indicatejthatvthé evapbration rate will be pro-
portioﬁal to the ares of the,sampie dnly,when ‘the dislocation denéity of

the solid 1s low enough to make a negligible contribution to the total

ledge (step) length on the crystal surface. For higher dislocation

 densities, av.shouid approach unity. Hirth and Pound32 caleulated that

o

N —

<gpp;eciably;larger_than—l/L.——-%—%his—point;-one*muﬁﬁ‘66ﬁﬁéﬁf_fhat_this

- & serew dlslocatlon density of lOé/cm? 1ls necessary before av would become -

" 1is essentlally an equilibrium theory which has been modified to account -

for the displacement of the system from‘equilibriunh The validity of

the theory depends on how strongly dependent the concentrations and rate



. -10-

" constants, (energies of motions) are on the evaporation rate and structure
of the surface. | _
Essentially the state of evaporation theory is such that ‘the gross

features may be explained but the atomistie picture is incomplete. It is T o

i'hoped that the accumnlation of experimental 1nformation on. the evaporation |
lvklnetics of solids of different types (ionic, molecular, metallic, covalent)
will allow the formulation of a realistic model of solid vaporizations.

lt 1s informative to consider the conditions necessary for the |
activation energy to be equal to:the equilibrium~energyvofjvaporization,e
if the final desorption step is the "rate limiting'step".v Let the
vaporization of a‘solid be considered,to occur as & seriesvof_simple
- reactions? | | | |

-AF,

YA‘(l/2) % A(2) kl/k2 = Kl =

“A(R) % A(s) | L k3/k1+ =V'K3 = e 3h ,

X v R
| 56
A(s) & Ag) feg = 5
K T |
-E:/R‘I‘

where k e , 1/2 = J-kink or nalf—crystal position, 2 %-ledge,

1" ?1

s = surface, g = gas, A(n) = concentration at n, and v, is & frequency

1
factor, Then, 1f the system is in equilibrium,

| ks ~(6F], + AF§4 + AF;6) - .
0% T-—- = € . A /RT
2k Ko - ,» - | v

or

a tn Ag) _ -(AH{Q +AH%LL +AH§6) ) -AH;
d1/T R T TR




) &ﬁl

3,
N

Now 1f the flux from the gas to the surface is zero (free-vaporization)“

, but one assumes that all the’ preceding reactions stay at equilibrium, then

As) -(AF°‘ + AF h)/RT
| N Ax) - °©
and - -E_/RT
| - A(g) = A(s) v5,ae 4

. - AF AF2 ‘E* :
A<g>=A<k>v T AT+ E)/A

. e o *,
thus O dmae) -*(Aﬂiz + oﬂsu + E5)
v 'dl T L R

Therefore, for the measured activation energy of vaporization to be equal

. .. |
to AB;, E5'= AH§6. This implies that there 1s no energy barrier to

desorption of the molecule from the surface. Thereforévif this last

desorption step is to be "rate limiting" (all previous reactions at

equilibrium) it must be because the pre-exponential factor In this rate

constant is small. Then, the evaponation coefficient and condensation .

coefficlent cannot be exponentlally temperature dependent because there

is no energy barrier to either process.

s s
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IITL. CRYSTALS

A, Pure Commercial Crystals T

The majority of the sodium chloride single’ crystals used in thisv_f*‘!:v
‘::sessarch were purchased from the HarshaW‘Chemical Company'.33 They. were} * v
ioptical grade crystals of nom1nal_99.99% purity and were singie crystai.'.
Vi:The pleces were approximately 2 éﬁB in volume and were bounded by (lOO)
-cleavage planes. This lsst faét'made’orientatisnlof the crystals quite,'.
vtriviali The crystals were pufcﬁased in two lots. Both lots were‘analyzed-‘-"
for.cation impurities. The secoﬂd lot was also analyZed for some anion
impurities. ‘Tﬁe concentrations of cation impurities were almost ideﬁtical »V
in the two lots. The results of the analyses are shown in Table ITI-I
V(Lots I and II). The anion 1mpurity concentration brlngs the actual purlt&
level down to about 99,95%. The Harshaw crystals were grown by a Bridgman54"v
«technique under a nitrogen atmosphere. A nunber of the pieces in the second )
lot seemed to have low angle twig boundaries on some faces and were not used
in_the evaporation studies. These crystéls were cleaved to the appropriate |
sample size, or annealed at SOOdC_for 16-36 hriin a quartz tube‘which had .

Dbeen sealed off under vacuum and then cleaved to size for use in the

vaporization experiments.,

B.  Crystal Purification and Growth of Hlgh Purity |
NaCl Single Crystals :

Because of the high anion impurity concentration in the Harshaw

crystals which was suspected of being responsible for the ifreproducibiiity
of the early experimental data, it was decided to grow some crystals by -
35

a modified Kryopoulos technlque. In order to reduce the bromine and oxygen

containing impurity concentrations the reagent grade starting material was

© o
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Table III-1 Impurity analysis of sodium
chloride crystals used,L

Lot

I

IT

TIT

Descriptlion Harshaw Harshaw  Semi-

~ Tmpurity

Al
Ba,
Ca
= Ca
Cr
Cs
Cu
Fe

X

i
Mg
Mn
i
Rb

Si
Sn .
Ti
T
Br
F

I
O*(g) .

P-<1
ND < k4
P<1
NA

L

ND < 50

P<1
1
20
15
P<1

N <1

ND < 10

ND < &4
1

NA

NA

D < 1
NA

NA

NA

NA

P <l
ND < L
P<1
NA
3

D < 50

Pl
1.
15
15
P<1
ND < 1
ND < 10
ND < L
1
NA
NA
D <L
200
50
NA
520

Element

NA
NA
D <1
10
20
ND
50

< 10

S <10

ND
VA
<5
<5

Iv

Zone
Refined

ND .
P < 10
ND
W <20
W <1
ND < 50
W <1
P<l
5
15
P<l
ND
ND < 10

85553

< 10
<>
<>

S8 8 wBE8wnowd 8588

Hd
A 8
=
O

A A
R

FASIIVAY
B

0.35%
28
<5
<5 v

N
-]

1. Concentrations in ppm unless specified, P = present,ND = not

detected, NA = not analyzed for

2. AL oxygen contalning impurities




zone refined under an atmosphere of HCl gas according to a procedure developed

by Warren?6 The hydrogen chloride gas alds the removal of bromine and

oxygen contalning anions by chemical reaction. Removal of the reaction

products from the region of the salt is accompllshed by‘condensing them

on a cold (-78°¢c) surface. This zone refined material was then used as the .

" melt from which a crystal was pulled using a HershaW'crystal.as a seed.
The procedure is outlined,below

.he

Zone refining was done in the apparatus shown in Fig. III-l.. The

.furnace tUbe and sample contalner ‘are quartz (28 and 24 mm OD respectively).“ 1;

.The furnace tube had a qnartz to-pyrex greded seal to ‘the pyrex O-ring
c301nt outside the hot zone. The sample tube was sealed at one end. The

" Joint was sealed'nith é teflon O-ring and the stopcock betweén the gas
'handling systen and the furnace tdbe was of pyrex-teflon construction.
Thus, when the stopcock was closed only pyrex, quartz, and teflon are in‘”

contact with the corrosive gas. The O-ring Joint had to be ground and

clamped with flanges instead of the ordinary Jjolnt eclamp in order tovkeepnb'

it from leaking durlng the zone refining.,- The gas handling system was
stainless steel, copper and brass. The furnace tube was wound with a
coil of nichrome ribbon of approxfmately'lb-ohms reslstance. The ribbon
was made by rolling 16 gauge nichorme wire to about 2~l/2 mm width. Then
the coil was covered by a single leyer of asbestos paper‘(except for a
slit the length of the tube which‘was_left uncovered so tha£ the sample
could be seen). A 36 mm OD quartd‘tube was used as an outer Jacket in
order tovkeep the asbestos paper in place, The coil was heated hy A.C.
power from a 220 V., 20A, Variac. No attempt was mede to regulate the

temperature during the zone refining. The hot zone was formed by a fire

e
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'brick which had a hole in it fbr the tube to pass through. The brick
. was mounted on a trolley‘which was pulled along a track by a wire and
a pulley arrangement. ' : "f— , . RN : o ~"’ivl Cew

The refining proeedure'was as felloﬁs;::The semple'tﬁbevwas.filledi;v |
with reagent grade salt and put in the fUrnace tube, The‘O-rlng JOiet.p
was sealed and the system pumped down to less than 10p with the liquid o
. nitrogen trap (LN trap) cooled and pumped on at this pressure for more
than two hr. Valves Z and Y (see Fig. III l) were closed and 1 atm HCl
(commercial grede) was let in thrgugh valve U, Valve Y was opened and .“:,
the HCL condensed into the LN trap‘ Valve‘Z wa.s opeﬁed and‘the non-
_condensable (at T7°K) gases pumped out of the system. The pressure was.j'
ireturned to less than lOu, then Z was closed and the LN trap warmed untll
the pressure_was.about 1/2 atm, Vhlves Y and X and the_stopcock D were =
closed to isolate the refining chsmber from the manifold, The LN trqp.I
| was chilled and the HCl left in.the manifold eondensed into it; the trap'
was removed fioﬁ.the manifold and the gas disposed of in a hoods._This
:procedure removes most of the oxyéen and water vapor from the ges.' The
furnace tube was warmed slowly, w1th dry ice 1n the reservoir, until the
temperature of the tube reached about 600°C (about 24 hr was used) Quite
4a bit of ice was formed on the glass wall between the furnace tube and the‘
dry icebreservoir during this heating. A gas.change'was made at this
vpoint. T@e stopeock and valﬁes Xjand Y were opened to coﬁdense‘the HCL
into the liquid nitrogen trap. Then the dry ice reservoir was emptiled -
and warmed so that the ice formed during the heating was’ transferred
| to the LN trap. Valve Z was opened and the system pumped down to less

than 10@. All_the valves were closed and the LN trap removed to a hood
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"end emptied. It was replaced on the manifold and the system pumped down.

.. Then the system was refilled with HCl by the same procedure used for the
-original-filling. The temperature of the furnace tube was Increased to
700iBO°C and & zone pass wae made; it is not necessary to ciose the end
of the sample tube because the zone was stopped before the end .of the tube
was reached and the unmelted salt kept the melt 1n the tube. The
temperature in the hot zone was not measured, but the molten zone was about -
iO cm long. The forward travel speed of the trolley wae 0.7 mm/mina After.A
one pass the gas was changed again. Then, six to ten zone passes ﬁere made; V'

The last pass was made at about 0,2 mn/min, The furnace tube was cooled

slowly to room temperature and the HC1 pumped out. The tube was back £illed - .

wiﬁh nitrogen and the sample removed. This materisl was unsuiteble for
vaporization studles because it contained bubbles of HCl gas which had
been dissolved in the melt, It was also highly strained and had stuck to
the tube in several places. Thls zone refining procedure produced crystals
with an order of magpitude lower bromine and oxygep impurity content,
An analysis of a typical zone refined sample 1s shorn in Table IIIfI;'
~ This material was used as tﬁe melt.from which the final crystals were
pulled. | | _ |

The apparetus for phe crystal pulling is shown in Fig. III-2. The.
tybe was pyrex. The crueible to ﬂoldvthe meit was platioum and thev
crucible holder was quartz. The tﬁbes used as seed holders>andierucibleo
" holder support were stainless steel (T&pe 304), - A chromel-alumel thermo-
-couple passed through a feed-through at the bottom of the support tube '
to a copper commutator arranged so‘thatjthebtube could be rotated and the
‘temperature measured simultaneously, The bead of the thermocouple was in-

contact with the bottom of the crucible. This thermocouple served‘as the
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sensor for a temperature‘controller which cOntrolled the ﬁ.F. generator -
heater power.level. The seed wae;attached to the steihlese steelvtube
“..by-a pletinum holder and platinumowire through‘a,hole'drilled in the seed _fe
crystel. | : | ' | _ | ‘
ihe-growing procedure was asﬁfbllows. The crucible wa.s filled with
the zone refined materisl and a seed attached to the upper, tube. The M
crucible was put invthe holder and the upper Jolnt greased and sealed.
| The system wag pumped oﬁt with a liquid nltrogen trapped mechanical pump -
and_filled with high purity drﬁ niirogen gas twice. Then hitrogen was
allowed to flowislowly through'the-syStem for ebout an hodr.v The R-F
generator was turned on and the crucible heated to 500°C. It was kept

at this temperature for about an hour fo drive off any adsorbed water.

 Then the temperature was ralsed to 820#20°C to melt the salt. This wag

done as quickly as possible to minimize the evaporation of the NaCl charge
with consequent coating of the pyrex tube growth chamber, Then the cooling
'Vair to the uppef concentric tubes which held the seed was started ahd the
seed was dipped'into the melt. Aﬁ'first the end of the seed melted. The
seed-melt interface ﬁas watched caiefully'and the tempergture adjusted
slightly until no more melting occurred and growth started, Crystal growing
* contlnued until about T to 8 em of. crystal had grown. The crystals had a
rectangular cross-section with rounded corners. The minimum dimensilon was
approximapely 1.5 emy An analysieiof one of these crystals is shown in'Tableﬂ._
CIII-I (Lot IV), The-bromine‘andonygen~COntents are, as expected,_appreciably_

lower than those of the HarshaW‘samples.

Cs Doped Crystals

Sodium chloride crystals were. deliberately doped with geveral
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o impurities in order to determine whether or not changing the concentrations

. of these impurities had any effect On the’ evaporation rate, activation

'energies for monomer and dimer evaporation, and/or the monomexr to dimer

"

fratio;

1) Calcium doped crystals were.obtained from Semi-Elements Corpora- . .°

37

“These crystals had g reported_calcium content of approximately
lO3 ppm. However, the analysis (shown in Table III-I) indicates only L0 '
ppm mole % of Ca. | | |

2) Oxygen doped samples were prepared by heatlng lxlx2 cm pieces

“of Harshaw NaCl in an oxygen atmosphere at 750*10 C. The oxygen flow'rateitpl

- was 5~10 cc/sec at one atmosphere. lreatment times of 20 hrs to‘170 hrs -
were used. It has been‘postulated58

the following mechanism;

+
0, + Na c1” ) - Na NE ) + 1/2 012

Kanzig3 and Kanzig and Cohen 59 have shown that 1n oxygen doped KCl"'

vcrystals there 11 a paramagnetic impurity center on a chlorine s1te in the :

- lattice at a concentration of ~ l0‘5/cc. They assigned this impurity as
0 oriented so that the 0-0 axis;is in_a (110) crystalvdirection.‘ Tt is
reasonable to assumevthat oxygen;behayes similarly in sodium chloride.
3) A bromine doped crystaliwas grown by the same Kyropoulos nmethod
,.thet was used to grow the pure sodium chloride crystals. The starting

‘sodium chloride charge was not zone-refined. Sodium bromide analytical ‘

reagent grade granular crystals were used to provide the bromine content. .

- The salts were mixed and then melted under a nltrogen atmosphere in a

platinum crucible, The crystals were grown using Harshaw crystals as .

- seeds, - The crystal used in the experiments ‘was grown from a8 melt containing

that the oxygen enters the erystal by:"



0.5 mole percent sodium bromide‘_ The analysis bf.the‘crystal is shown in
Table ITT-T. . | | |

Di X-Ray Trradiated Crystals

X-raj irradiated'crystals wefe prepared by‘éxpésing a ﬁarghaW‘crystal

- .to unfiltered x-ray radlation frpﬁ:a tungstén térget.(operated'df'20 e,
cathode current and 50 KV).for 1.5 hri - After treatment fhe'cryétal had

‘the typical &éliow;éolor charactef}stic,of sddium chloride crystals
containing F cente;s (électroné tﬁépped at chloride ion vacancies)s _After
the erystals had been left at room temperature fbr‘l6 héurs the crystal had
" 8 blulsh colore * The coloxr éhange is believed to be‘due to the migration and
aggregation of the excesslsodium iﬁto aggregateé of colloidal slze. The
drradiated sample was éolorless when 1t was remoﬁed from the mass spec-
trometer after the evaporation exﬁériment. " No detegtable absorption bands
were found in the range 8,000 A tolf,OOO A, It is apparent from this
change that the excess'sodium.must diffuse rapidly out of the lattice at

the evaporation temperature.

E, Strained Single Crystals

‘Straining a sodium chloride single crystal beyondvits plastic yield‘
'point'introduces dislocations into;the lat\fice.LL2 The pufpose of this
treatment was to study the effect of disldcatioﬁs‘bn the ﬁabﬁriéation‘
phenomena of NaCl. Strained crystﬁls were prepargd by a)ﬁcompressing-the.
érystél beyond its plagtic yield péint (Fig. IITa), or b) bending the
erystal (Fig, III-b).hl’Lla E ‘

The crystal bending had.to be done under water to keep surface

{cracks from propagating and the crystal from breaking undér load, Com-

‘ pressive loading proved to be a mofe relisble and a more easlily controlled.v '
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.mefhod of introducing dislocationévinto the lattic§. _Theidisldcatiéns
introduced by éompréssive loading'were not-uniformlybdistiibuted.throughdut .'“
- the lattice. They tendéd to appear in "slip bands' between which were
areas of lbwer‘ﬁislocation densitj QHLADdiSduSSion;bf the i
7‘ mechanisms by which diélocations'ﬁay'be generated and move in a lattice
_.may'be'found in the LL:Lteraﬁ:n.l;r'éL6 éﬁ in éeveral textbooks;he’hh |

| After deformation the surfacé of the crystal was mechanically polished
_then‘chemically polished in a 50% ethanol-50% water solution, They were
_then etched to deﬁelop etch pits at dislocation terminations on the sur-
face.hz;h5 Tﬁe etching solﬁtion used was 0.3g HgCl2 in 1,000 cc absolute
.e’chanol.l}5 This was prepared.as d stock solution of 0O.3g HgCi2 in 100 cé"'
ethanol then diluted 10:1 for use. In'ordér to get the proper etching ‘
'acfion the solutlon had to be freéhly préﬁared. The crystéls were etched
2 minutes then rinsed in absolute.ethanol, FPhotomlicrographs weie taken on
a Zeilss Pbtallographic microscope;using obliquely incident reflected light.
If there was e large variation‘infthe_number of eteh pits on a surface,
several areas were photographed and the results averaged. This was thg'
case for the deformed crystals. The.unstrained Harshaw ecrystals hed a
fairly uniform eteh plt density aﬁd in most cases only a single plecture
was teken., Etch pit counts for s?veral erystals prepared under different

conditions are given in Table III-IT and a typlecal micrqgraph in Fig.

III“')-F. '
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‘IVQ EXIERIMENTAL APPARATUS AND PROGEDURES

Qne of the basgic experimental problems in this research is to
"'determine the rate of evaporation into vacuun of each of the vapor sbecies
from a sample at a known tempereﬁure, A vacuum balance combined with

. proper sample area:measurements eud temperature measurements can be used v
“to deterﬁine'ﬁhe.total vaporizatien rate of the sample however, iflyields B
" no information ebout the vapor ceﬁposition. A ﬁass spectrometer can
determine the wvapor composition;:however, it must be ealibrated in order =
to dbtain absolute.vaporization uata. Both of these detectlon methods |

were used in thils research since their results are complementary.

A, General Apparatue Design Consideérations

There are three basic design considerations which must be applied!to'
vacuum vaporizationt | | |

1) Minimiiation of the effect of the amblent enyiromment on the
sample, ; |

2) Reduction of the fluonf vaporizing molecules back onto the
sample to as lOW'av;evel as_posséble, }

3) Supply of a heat souiceief geometry‘and power such that the -
surface temperature of the sample 1ls closely approxiﬁated by the bulkv
temperature of the sample. | . |

1). The first condition implies that there should be no materials
in contact with the sample which could alter any of its chemical or R - f
_physical properties. TFirst, the'sample holder should be unreactive to -
A £he sample material and second the background gas ehould not centain any

components at pressures sufficlent to effect the sample. Tt has been
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noted by several people ’5 that diffusion pump oil molecules on the

f-surface of & sample may drastically impede the vaporization processes. 'Af

' pressure of 10 -6 torr is sufficient to create a monolayer of adsorbed

N

. species per second, if all the 1mpinging molecules,stlcka

The sample holders in this research ‘were made of platlinum and/or
high density graphite. These materials are thermodynamically inert toward
NaCl. We malntained the background pressure such that the background flux

striking the sample was at least an order of magnitude below the evaporation

A flux of sample material.

2) It is possible to rigorously evaluate the fraction of the vapori-‘>
zatlon flux which will return to the vaporizing surface in certain
geometrical shapes%6 It 1s necessary to assume some form for the conden-
sation coefficient of the molecules'on the walls, In our case we are only

interested in the order of magnitude of the returning flux, so a much less

rigorous calculation will suffice. Consider the geometry shown in

-Flg. IV~ls The sample is vaporizing only from the surface S, Then assume

that, instead of coming from the sample, an equivalent: flux is. evenly distributed
across the tube in the plane of S. " That is, assume that the tube,from S.
a length equal to half the length of the furnace (nD),is the orifice

of a Knudsen cell and that the pressure is low enough for molecular flow

to prevail. Then one can apply the Clausing factor to get the transmission. .

- ratio of the tube,

J W = flux out
ve .

J,(1-W,) = returning flux

where W_ = f(n). For n =103 W, = 0.2 and for n = 5;'wc = 0.5. So that
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‘Jret ~"5.Jv to .8 ;v

NbW‘the sémple intercepts a fraction_of this flﬁx, équal tb the ratio
'éf its ares to the_afea of the'tugé; thergfore #hé fraction of the_v |
vaporization flux which returns (éventuélly) to the sample surface is
®d /ﬁe;. Thus, one wants to keep;the saﬁple cross section ag small as
possible with respect to the tubeicroés‘section. PTobleﬁs of maintainiﬁg

.é good temperature gradlent in the furnace 1limit the diaﬁeter of the

furnace tube to about 1/10 to 1/15 of the length of the furnace, In our . .

- case, the sample ares was about 0,1 cmg.and the tube area about 7T cm?;
therefore, the maximum return flﬁx was 0.01k J e

3) Vhen the sample vaporizeé heat is taken from the solid by the
vaporizing molecules, There is also heat iéss td cold walls by’raqiatioh
and conduction loss through the sample supports. Since it is undesirable
to put a thermocouple directly on_the vaporizing surface tempergture with
a temperature measured elsewhere on the sample.
Assuming that the heat is supplied to the erystal by‘radiation then

the power absorbed by the erystal is

P = €K (TFJ*’ - T L’)*

F . 8B B A

5.
where € iz the emissivity of the éurface, KéB is the Stefan-Boltzmann
constent = 5.6)(10"5 ergs em™® gee™ K"llL

'

T, is the furnace tempersture

TB is the bulk sample temperature
As 1s the surface area of the sample
PF is the power input from the furnace

PV 1s the power loss by vaporization
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AThe heat loss due “to vaporization is P AH R where R is the rate

~of vaporizatlon-in moles om -2 seo-l. Assumlng AH 50 kcal/mole and

VRV = lO—_6 (about an order of magnitude hlgher than any observed flux) then
Pv-g 2X10f6 ergs sec™t
- If this 1s the only heat loss then,

P, = P = 5.6x10 5,e(?F - )

7 Iy As = 2X10"~ ergs sec -

4

e 2 o -5 W1/h
(Ty/Tg) = (1-2x1o‘ /546x1077 € AT, )
vLetting T = 900°K, € = .3, and A =1 cm?
| Ty/Ts = 996 and T = T - };"K .
Experimentally, by imbedding a thermocouple'in the sample, we found

Ty = T§ = = 6°K at this temperature‘

To get an estimate of the gradient from the bulk to the evaporating

urface assume that the heat flux is incident on a plane, A, 0.5 em from -

the wvaporizing end. Tet P = 2)(105 ergs gec ; then Pv = KAE * 0.5

(T -TS) vhere K 1s the thermal conductivity of the vaporizing substance.

Let X = 0,02 cal sec"1 em™t 0™ then 2x10° £ 8x107x.1 ( ); T TS

.2560. Thus, for materials with reasonably high thermal conductivities

the surface temperature lowerlng due to vaporlzation should be negligible

at these wvaporization rates.
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B, Micfobaiance System

_ The microbalance used for the weight loss. meaeuremenfe wae made, ‘
in part -after a design'by Honig and szaundetrah7 (Fig. IVLQ) Designs_of
B - various types of vacuum mlcrobalances and design considerations for the :
pivntabl null balance which we censtructed may be found in fhe li‘ceraﬂ:ure.h8
This type of balance had the advantage of being rugged and able to support
relatively heavy loads (~1 —Eg) while still having good sensitivity
"(weight changes as small as lpg have been detected). ‘The beams are made

of 1 mm quartz; the pivot pointe are.O.lO in, tungsten rods electropollshed
"to a ,00L1 in. radius tip; the end.pivots arei;OOB in, tungsten wire
stretched with about a 3 pound loed whilé being attached to the bean,

Both the center pivots and the end pivot wires are held in place'by'

epoxy cement of a very low vapor pressure type. The pivots were. made
co~-planar to within +,0005 in, by using a flat table and precision blocks.
First the center pivots were attached so>that the three center beams were
horizontal and so that the center of gravity of the balance was below the
pivot points, If the center of gravity is above the plane of the pivot
points then the balance does not have a stable equilibrium position. Also
the center beam ends were adjustea so that they were approximetely
' eo-planar with the pilvots. Aftef the pivots had been cemented and the - >
cement cured, the end pivots were positioned so that all pivot éoints
‘ were co-planar to within.i.0605 in. Then the end bivots were cemented

in place, After the whole assembly had been cured at 60°C for 24 hr,
the alignment was checked. Fixing the plane by one end pivot and the

center pivots, the other end was:0.0005 in. % ,0003 in. above the plane o
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-:with novload'on.the balancé.. The center pivots were supported by

" quartz cups hav1ng 8 parabolic cross-section near the bottonu Beam
‘arrests were placed on the balance support frame to limit the motlon of
.Vthe_beam to ~2 mm ‘vertical motion»at the arrests, This prevented the_

pivots from hitting ‘the walls of,the support cups; A better pivot system

'/ can be built using sapphire bearings,hB-but'this simple system seemed to

' 1perform adequately;
The balance was used as a null device. . The restoring force for

.'L e change in sample weight was produced by'avmagnet'and solenoid{‘ The

magnet was made of two pieces of 020 in, diameter-"Cunife".wire 1in. . o

long sealed In glags, The solen01d was 12 4500 turns of No, 34 copper 2:'
:,w1re wound on a 1/2 ing diameter by'2 in, long fornu The megnet was v
suspended from.the balance in31de the vacuum.while the solenoid was |
outside ~the vacuum, The solenoid was positioned so that the top of .
the magnet was about 5 mm sbove the tope of the solenoid. This position
gave some damping of tne balance notion; Solenocid current was provided
by‘the circuit shown in Fig. IV-B. A Leeds and Northrup Millivolt.
potentiometer was used to measure the voltage drop across the standard
- resistor. |

The balance was mounted on- its support frame in a 50 m pyrex tube ;
as shown in Fig. IV-4. Both magnet and sample were supported by quartz -
fibers with hooked ends. The rod;A in Fig. IV-4 had & hook on its end
so that the sample support fiber_{and sample) could be lifted:off the
balance and up about 10 in,  This provision allowed the sample to be

~ removed from the hot zone of the furnace when the temperature was changed
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‘and while the'temperature of_the;furnace‘reaehed-adnew,steadyrstate,Xthus:’-:'F

vconserving the sample.

The position of the end of the balance beam.with respect to the

null point of the balance was detenmlned by observing a fiducial mark on d:{e»:

v the'beam with a 40 power measuring mlcroscope with a micrometer scale
- eyepiece, The balance could be nulled to —a005 m vertical dlsplacement'
-5

'8 em from the center pivot whiehﬂis'6xlo radians. The null point can -

- be picked arbitrarily since the restoring force, not the deflection of
the beam, was used to measure the weight change.

The balance was calibrated using a set of weights which had been d:f

weighed on a Mettler Nﬁcrobalance; These welghts were used to incrementQtf;‘}

the weight on the sample side of the balance, ALl weighiﬁgs were made

with the system pumped down to P < lOp pressures The voltage across the -

standard reslstor was measured. _Ihe balance sensitivity is therefore

'expressed in mv/mg and § is 18,06+,1 mv/mg with the 50-ohm standard

resistor. thalancing the beam.by l'division (4025 mm) on the microscope

scale and u51ng the above sensitlvity ylelds the sensitivity expressed
‘in the usual terms: o = AQ/A mg where 6 is the angle of the beam to the
horizontal, thds g = A@/[Amv/s].. One diV1sion on the microscope scale
equals 5><:LO—-LlL radians and is equivalent to A mv = 1.59 mv. Therefore,

‘0 = E.H milliradlans/milligram. QOf_course, the practical sensitivity

is the imbalance needed to cause(a upit displacement on the measuring
scale which is 0.09 mg/div. Thelaccuracy of any reading is not better .
 than o'e 6x1077 rad, = .02 mg beeause‘of the error in locating thevsuil

point. A balance calilbration plbt is shown in Table IV-I,



Tdble IV-I Balance calibration BE R Rt
SRR (11-5 66)

. Added wt.. . Pot. reading -~ Sens. .

L e ‘ o w

0,00 {1 B _1" , "17§7o
o 2,292:i4;062 7' ) »' 59,01

e .
S 10,488

S

9002:-f‘;§i ;'lO2 93

+

w0 206,16

TR

13,208 v.bOéjﬁ%ff5 ffff256,29

:  l’div of set On:v DR
.. mie scale R 5]

+

H

18,227 % 002 L T: M +

a

R -

AL

o Avge . 18.06 % Jluv/mg

0,09

P

a,'_Erro"r estimate is-hot‘réading érroivhﬁtfvariance;fromAreading ﬁb:"

reading after balance arrested, o
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The vacuum system consisted of a NRC chevron baffle trapped 6 in.

R oil" diffusion pump backed by a 5£/sec mechanical pump The system could}.a

Abe pumped down to 2x10 =7 torr and all runs were made with the pressure

below 2x10~ -6 torr. _ f .. o ‘ v ffffe
The furnace used in these experiments was a Hoskin Chromel wound L

rfurnace. The windings were more closely spaced near the ends of the

~furnace to reduce the temperature’gradients at the ends. The temperature :F

. profile at the center of the sample tube 1s shown in Figs IV- 5. The. |

temperature was measured with a Pt 10% Rh/Pt thermocouple having its

reference Junction in an lce bath,‘;A Rublcon thermocouple potentiometer

was used to measure the voltage ahd the conVersion tables-published by

'the Natlonal Bureau of Standards were usged to convert to temperature

readings. Thermocouples were checked at the melting p01nt of lead (527.%)

ahd aluminum (659.7)s Any necessary correction was applied to’ the

vmeasured temperature.to obtain the actual temperature., In a preliminary

experiment a thermocouple was imbedded in a sample and placed in the center

of the sample tube. The difference between this thermocoupleandudnexaﬂﬁached.to

the outslde of the sample tube was ueasured at several'temperatures in |

the.range that the vaporlzation was to be done, These.differences are

shown in Fig., IV-6, The outer thermocouple was used to determinevthe.

temperature of the sample during the actual experiments. The temperature

of the furnace was controlled with a Houeywell TO86A temperature con~

troller, The maximuu oscillations were gbout 13°C’at the hilghest.

temperatures used. The temperature osclllation period (20 sec) was

short compared to the time between weight measuremeuts (>3 min)'so

that the effeet of the oscillations are averaged out. The exposed ares, -
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. 'of a sample was measured to'(:tO.l';:mm)2 before and after a run. ' This
- accuracy corresponds to about 5%'$f the area,

C. Mass Spectfémeter System§

in ordér to.determine the compos%pion éf the vapbr coming from tﬁei
evaporating sample a system containing a mass spectrometér was built. |
The system is shown in Fig. IV-7. The major parts are 1) the quadrupole
- mass spectrometer, 2) sample holder, heater, and beam defining slit,
and 3) vacuum system, |

1) The mass spectrometer is an Electronic Associates, Inc. (EAT)
Quadrupole Mﬁss Spectrometer, Model 200.2+9 It is shown schematically
in Fig, IV-8, The ionizer section is described by'EAI as an axial beam
ionizer since it is capab}e of accepting a molecular beam on thevgxis of
the gquadrupole. waever; it is nét used in this cohfiguration in this
system. Instead, the molecular béam from the vaporizing sample enters
the ionizer pérpendicular tovthe quadfupole axis, Those molecules invthe
beam that are not ilonized continue on their path through the ionizer aﬁd
étrike a cold (20°C) waii of the vacuum system, This orientationvéf tﬁe '
'-mo;ecular beam is desireble because the senéitive dynodes of the electron
'multiplier are not exposed to a high flux of condensable neutral moleculeé
from the beam. The ionizing elecﬁrons are produced by a'PiercesO fype
- filament arrangement. The elegﬁrén beam 1s in the shape of a sheet of
velectrons anq it also enters the iohizing region perpendicular to the
quadrupole axis. The angle between the vglocity vector of thé molecular

" beam and that of the eleectron beam is about 50 degrees, The ions that

are formed by electron impact in the ionizer are then drawn.outfinto the
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.!a‘The conditions for a stable orbit have been analyzed by Paul

quadrupole analyzer along 1ts axis.

This geometry allows the maximum intersection volume of the molecular,ﬁA
fbeam and electron beam while cau51ng the unionized beam to strike an un-

‘-;[important surface.

. The analyzer section of theﬁmassvspectromEtercis a“set of quadrupole

" rods. By applying the propervvoitages to the rod pairs, (Fig. IV-8), thisy-;f.:"
' system can be made to act as a filterx. only particles with a glven mass -

L to charge ratio (m/e will have bounded trajectories through the analyzer.7éyf:

5L

and are

summarized .in Appendix A, The results of the analysis are that the

ﬂj condition for stability is

. e/m = 0.354 ('rew?)/ev -

thus . 0.156 v /r f2

Jwhere V. is the R.F." voltage in volts '

T, is the rod spacing in-em y

f is the frequency in Mo Ce

Thus by fixiné Vi/Va and f where_Vi-and V6 are the'amplitudesﬂoflthe' :

o R.F; + D,C. voltages_respectively-and f 1s the R.F. frequency and
sweeping V_ one can bring 1inear1y (with voltage) all the masses within B

‘-avrange into a gtable orbit, ThlS type of analyzer has the advantage of l o

not needing magnetie fields (thus.no hysteresis problem) and rapid scan.5

o e+ e ot 1 N © e s g o’ =

—— ———



.-45- B

‘rates (10-150 AMU in 50 ms)e Thejseahnihéicapabilitiee were-net'utiiized‘1

in this work. The‘instrument-alsb'has no criticalfaperture'elignment o

.problems and transmits a higher.fetio of the lons fbfmed of_a_givenv

species than does.a'maghetic deflection machine of'equivalent'resolution.

~The disadvantage of this type of'enalyzer'with respect to a magnetie

;i deflection tyﬁe iz that it does not have a fixed transmission ratio as a

function of ionic mass. That is, the fraction of ions (of a stable mass)

~incident upon the analyzer which gets through the analyzer te the detec-

tor is dependent on the ion's mass.' The cause of this,effect'is dis-

. cussed in Appendix A.and a method of calibrating the instrument in order f"

to correet for this transmission ;atio is given in Appendix B, _

The ions are.detacted with aglh stage Cu-Be dynode electron multi-_
L plier‘whose output is measured by;either a Keithley 610 B electrometer -
or 416 Bicoammeter. Finally the eignal is displayed on a strip-chart |
recorder, A Vidar data_acquisitien_system has also been used to convert
the output signal to digital form, These.data, elong with other
experimental information necessafy to data analysils (temperature, etc.),

were punched on tape for analysis by a computer,

2) The sample holder and furnace section of the system 1is shown

in more detail in Fig, IV-9., The sample holder is a high density 3/b in._e

[
&

N
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diemeter graphite cylinder with _a":L./h in, diameter 'by 3/8 in. 'deep hole -

- in the top. A 3.5X5.5 mm ssmple wrapped in Pt foll Just- fits into this

hole. The graphite block sits on' three tungsten rods. A Pt/Pt-10% Rh -

' thermocouple is held by pressure against the slde of the sample. Place-_v

nment -of the thermocouple ls not critical as any point in the l/h in. hole

is within +l.5 C of the indicated temperature. Thls thermocouple 1s
‘ - passed through the vacuum wall and used for both controlling and reading

" the temperature of the sample.

The heating furnace was made of a free standing coll of «020 in,

molybdenum.wire 1l in, in diameter'and 8 in« long. The coll was supported

at the ends by ceramic :gupports so :that it was electrically insulated from o

the vacpum chamber. It”was surrounded;by_three concentriec .002. in. thick Mo

~ radiation shlelds, The coill was neated by AC current from the Secondary

of a 411 stepdown transfbrmer. The temperature was controlled by a
Honeywell TO86A Controller to better than #2°C,

There is a slit approximately 10 em above the sample which defines

the size of the molecular beam, It is 3 mm wide and 4 mm long. The slit

1s movable and connected to & micrometer through a bellows, In its
"open" position the slit allows a molecular beam of the size of the crystal
surface to pass through to the ionizer region. When the slit ie moved to

1ts “closed" position, the ionizer camnnot "

see" the sample. Thus when the
811t 1s "closed" the Tlux: from the crystal cannot add to the lon current.
The flux when the slit is "cloeedﬁ:is taken to.be due to the emblent
background. |

3) The vacuum system was bullt of 304 stainless steel. Flanges

- were of the Variah Con Flat type (knlfe-edge-crushed cu gasket). Everything
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- used in the ma.in vacuumn chamber ha.s characteristics suitable for ob'ta,ining
: ultra-high va,cuu.m a.nd can be ’ba,ked to at lea,st 250°Cy The system wa.s |
N pumped by a 250 l/ s VacIon Pump and rough—pumped by Ul'bek .sorption pumps. :. '
Pressu_re ismeasured by a Varlan "Nude Ioniza:tion Ga.uge. : After baking,

the system ha.s a base pressure (i‘urnace off) of less than 10"'9 torr.

- After 'thei'i\lrnace had been hea:ted- to 600°C for an hour the pressure was.

usually less than 2x10;8 torre Wl_ien the furnace had been on mpré than
2 hr the background pressure was: génerally less than 10'8 torr in the .
sample section. | A | | | _

A gas handling mand fold is p;.rt'bf- the sys_tern. Tt is pumpéd.by
the sorption pumps and has valved:‘.connec’bions for three gas sources.
There is a gold foil leai: betwe'en:‘ the manifold and the main chamber. A‘:‘ a
‘bakeable valve is in the line 'i‘rorn the leak to the main system so that |

the manifold can be completely isolated.

D. Experimental Procedure , B

. l. {rystal Preparation

The Harshaw crystals were prepared for vaporiza’cion s’cudies by one
of the following 'bechniques: |

a) A cry_stal was cleaved :Ln:to 5x5X10 mm pileces which r:‘ere put in’cclaia )
a quartz tube. The tube was pum;_:a:,fe'd down to about 2><l(')"6 torr' and the
sectlon con’caininé the erystals éealed off'vu..nder .vacuuni. The tube was
then put' in a furnace and the crjstal_s annealed at. 500°C for 16 to 36 hr.
These annealed pieces were then c‘leaved to yleld vaporilzation samples |
 about 3x3x6 mm to lUxhx6é mm in size. These saxrlpleé were etched ‘in methanol
-10% H,0 and then wrapped in' plat;'ilnum foil so as to ve{xp‘o.s‘e only one of |

the ends, These samples were used for microbalance measurements,
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b) A crystal was ciéaved into sample size (approximately 3x5x6 mm)
_vpieces which were used after methanol -lO% HéO etching for 15 séc. These
_samples, as all samples, ‘were tightly‘wrapped in platinum foil S0 as: to

'leavevonly one face exposedn Thls preparation was used for both micro-
balance and massfépectromeific measurements, v
c) A cryﬁtél was 01eéved tQ size, etched in a 50% HéO-5Q% ethanol

: éolutipn for 5-10 séconds, washed in absolute ethanol, and wrappgd.in‘
foll. . | |

" One df the semples uéed in' the mass spectrometer was annealed in dry
hitrogeh rather than vacﬁuﬁ‘at 750665 this sample‘is labelled Ii58(lOO)Ag:
”After'annealing the ?est of the préparation wag the same as c) above.’
"All of the doped or K&ropéulos grown samplesuwéfe_simplyvcleaned, etched
Vin 50% ethanol-50% Héo anderapped. Sampleé for the weight loss experiments
were measured before and after the ﬁeighﬁ»loss measurements to #0.1 mm
aécuracya - | |

2. Weight Loss Experiments

A typical mic?obalance experiment . proceeded as follows. The
Sampie was cléaned and‘wfapped in Pt foil, moﬁnted on the sample'support
~- fiber and platipum.wire welghts added so that abbut 20 mg of Sample could
.be evaporated. >The syétem was pumped down,‘usualiy overﬁight. The furﬁace-'
was heated and the femperature allowed to stabllize, The_éamplevwas lowered
into the_furnéce and its support fiber gently hOOked~over the'balance
pivot wire. Welght loss measurements were taken at this température. The
sample was pulled out of the hot zéne_and the temperéture.changed. _Affer
E fhe:temperature stabllized the sample was agaln lowered into the furnace
.&nd-mé?e weight loss meagurements were teken. Thls procedure was repeated

until the allowable weight had vaporized. Then the furnace was cooled,
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5ftthe sample was removed, the platinum foil trimmed back even with the

;tcrystal surface, the sample replaced and sufficient weight added to allow

?ranotherieo'mg to vaporizeu ‘The_system'was_pumped down and‘moregmeasurements”
were maded

.5;_,Mass Speotrometer Experiments;

Because of the adverse effect of long periods of exposure to the

L atmosphere on the electron multiplier in the mass spectrometer, this p

- _system is kept evacuated even when not in use. The usual:schedule.

- followed when changing samples and‘performing an experiment on this
equipment is outlined'below; | ‘ | | -
The furnace must have been off at least 2 hr. The VacIon pump and ;ﬂj;ygf,}ﬂ

ionization gauge are turned off‘_ Check the mass spectrometer to see lv
t that the filament‘and all high voltages are off, Fill~the sorption pump-?iﬂi}z'
dewars with liquid nitrogen. Before letting thevsystem up to atmosphere
~ make sure that‘the valves. on Egth:sides of the leak are closed. Attempting fﬁ,rki

'1 to fill the system with one of these valves open Will rupture the gold
foil. Let the system up to atmosphere with dry nitrogen and leave valve'“ |
open 80 that the gas will flow. Loosen the sample flange in order to
~ take out the old sample, slowly, s0 that the quartz sleeve insulator around t:;'”
the sample holde;-is not pulled off the sample holder. - The flange must 1'

| be supported while the'sample is ohanged so that the T/C feedthroughs-

+ are not disturhed.v Arpiece of 2-l/2 in.'pipe does nlcely. Change samples;i;;“r
 making sure that the.thermocouple_Junetion is touching the sample and vt g
held there. Put the sample flange back In place with a neW'gasket and_ .
~ tighten it. Release'the-over pressure of nitrogen that has built up

and close the backfllling valve. ;Cpen.the valve to the»first sorptionh‘-
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" pump which should have been chiiiéd for at least 20 minutes. it should
take about 30 minutes fﬁr the sysfem to.éump down to less thaﬁ 50« When f_' 
this or loﬁer pressure.is reachéd; close‘the first and open the seéond .
sorption pump valve, When the system pressure 1s beIOW'5u, start thé

VacIon pump, If the system does hot get to 5u but is less than 10y and j

the second pump has been pumping at least 20 minutes, start the VaeTon

pump anyway. When the pump has fﬁlly started,'turn it on "protect" and.
turn on the lonization gauge. Whén the pressure ls belOW’5X10-6 close

”the bakeable valve between the mahifold and the gystem. Make sure the:'
‘cooling water to the sample sectibn 1s disconnected and the tuﬁing

drained. Turn on the "bake—out"‘control and set the furnace controller f

to about 250°C (Variac at 25)., The thermocouple leads must be connected
’.for the furnace controller to go,bn. After the bake oﬁt,_preferébly while
-the system 1s still warm, out-gaé the ion gauge and turn‘on thé maés
spectrometer fllament. Heat thejfurnace to the desired temperature range.T'
Only after the furnace gets to tehperature should thé cooling water be
connected., This allows a last oﬁtgassing of the sample sectlon walls, Turn
on the masé specgrometer 80 that the voltages aﬁd oscillator frequéncy can
stabilize, Put ice in the T/C c&ld Junction dewar and connect the extension
wires for témperature reading to the feed throughs., The mass spectrometer
system-date, acquisitioﬁ systém interfacing and an sbstract of»the'programl
vto convert fhe paper tape to a useful format are glven in Appendix C,

During the actual measurements the temperature was set and ailowed to
come to the set point (~ 15 to Bijinutes after the original heating:
period) then the intensity of the ion flux was measured for each of the
ions of interest with the slit bdfh "open“ and "closed" so that backgrouna;

contributions to the signal could be subtracted out. In the case of
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sodium chlorlde, these iong were mass 23 (Na ), 58 (NaCl ), 81 (Na Cl )

The mass spectrometer had a lower usable 1imit to the electrometer signal -

current of about 3xlO -12 at the anode (collector) of the multiplier. Thisl'.'

. limit is the current at which the signal to noise ratio is about one, It B

is set by multiplier noise and photoelectron generatlon at the first

multiplier dynode by the light emitted by the»eleCtron emitter filament;_'v
5

'Assuming that the multiplier had a gain of 107 then thls current corre- -

sponds to 3><10"17 a ="190 iQnS/sec-hitting the dynode of the multiplier‘f¢{€7ﬂ?rﬁ'

The upper limit of the usable current (10'6 a) corresponded to a flux
- of about lO+l7 molecules-em™ sec l leaving the surface of the sample
and is the upper bound of the molecular flow region near the sample‘
Thus the instrument can be used to measure five orders of magnitude var-\
1ation in the molecular flux density, | |

The mass spectrometer was run'With the following ionization region

- parameters: electron energy = 30 eV} emission < 0‘2 ma, electron trap

,‘ voltage = 455 eV, trap current = 50 pa, ion energy 6 eV, focus voltage.

-28 V. TFor taking the ion appearance potential date the trap voltage was

lowered to lO V so that the electrons would have &’'narrover energy spread._-l:

The resolution of the analyzer was set at 100 =To) that the mass 81 peak
. had a negllglble contributlon from 1ts neighboring peaks. A typical

background spectrum is shown in Figf Ivflo, The sodiumvchloride-peaRS"
occur at "windows" in the normal background which is a definite advan-

tage at low fluxes, The background;is subtracted from the ilon intensityvil

by "closing" the slit and taking only the difference between the open and .

closed positions as being signal due to molecules which originate from the

B.t m/e = 81.

- _
Width of 81 peak at 1/2 height, i.e., m/Amy /o
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<0 taken g01ng up or down in temperature which could be attributed to lag inf

' '-.the sample responding to temperature changes. In the case of some of the»

A;fi periment and those taken 1ater could be found, however, these differencesj"

_vapor121ng crystal‘ fDuring a typicalfexperiment measurements are made'“

fboth while increasing the temperature between intensity measurements and

'-while decreas1ng., There was no observed difference between the . intensities

B stralned crystals dlfferences between intensities taken early in the ex- o

:”;_'were attributable to changes in the morphology of the crystal surface° v_rZA

"_'Generally about 20 to 30 1ntensity and ten@erature measurements to the

Lsignal from each ioanere;made.during an experiment.\”



V. ANALYSTS OF EXPERIMENTAI. DATA

A, Microbalance Results

The vacuum balance measurements yleld the weight, w, of the sample
as a function of time and temperature. The time derivative of the weight,‘
W, 1s the rate of weight loss, This time derivative is found from the raw
data by taking finite differences. Thus, we have assumed that the rate is
constant over the time interval of the measurement. Actually, because of
the temperature oscillations the rate oscillates; however, these oscillations
are small and their period is short compared to the measurement period,
thus they average out,

.The rate of vaporization, W, is divided by the geometrical area of
the vaporizing surface to obtain the rate R (mg/cm? sec), The (100) face
samp;es were cleaved so that all the surfaces are mutually perpendicular,
therefore, the dimensions of the exposed face will be constant throughoﬁt
the experiment., This geometrical surface area was taken as the vaporiza-
tion area on all of the microbalance samples, This does not mean that we
believe that the number of evaporation sites is equal to or directly pro-
portional to the geometrical surface area, The surface of a sample rough-
ens visibly during vaporization as shown in Figs. V-1 and V;2. This
roughening produces an unknown increase in the exposed surface. All of
the crystals showed similar behavior as far as macroscopic surface topology,
thus the geometr%pal surface area should be an adequate normalization
factor. An apparent pressure, P', can be calculated from this rate by

use of the Langmuir equation (Eq, II-2)

P' = R (2—”13T->l/2 ()

v M
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XBB 670-6194

Fig, V-1 Micrograph of typical sample before
evaporation  x1000

XBB 670-6195

Fige V-2  Micrograph of typical sample after
evaporation X 1000
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where M is the-molecuiaf weighﬁ,pf the Vap0riZing-material; :

P'(ﬁorf)’s-i.?exio“e RV(T/M)l/a o | (@)

In the case of sodium chloride the‘vapor,consists<of more than one species21

__(oﬁlyvthe monomer(MK)}uﬂ.dimér.(NbXé) have significant pfessureé), thus.

- one must use the actual.average ﬁolecular weight in Eq., (2). The relative
fractions of monomer and dimer mblecules in thevVHpér'were found to differ
from crystal to crystal‘(Sec. VI),‘and, in any casé have a temperature‘

- dependence which is.hotvweli known, therefbre we have chosen to assume
.thét the vapor consists entirelyrof mongmérsvand take M = 5845 g/mol

when computing P' by Eq. (2), If the relative abundance of the mbnomer_'

and dimer in the vaporization flﬁx are known then Pﬁ and Pﬁ may be

found from P! by

Py = P'(1 + 2a,) (3a)
. -1 : . ' _
P! =f2 8,P' (1 + 2a,) - (3b)
where 8, = the ratio of dimer flux to monomer flux
3& = monomer apparent pressure
Pﬁ = dimer apparent pressure

The rate RV obeyé the Arrhenius expression' o -
| ~EX/RT S
N
where E, 1is the actlvation energy of vaporization. Thus, .

log R = log A - E_/RT In 10 S 6)

Using Egss (2) and (5) we have



- .log P' = log A + E_/RT 1n.10 % 1/2 log T + comst. -

SR d log R~ - =B ¢ oter ot N
d1/T ¢ RIn1l0- .ot .

- therefore, - %

. . d log P! v - . S LT
Within the accuracy of our experiments (since Eir"w 50,000 cal and

T ~ 800°K) one may assume that

dlogP' = T .. gy

d1/T | Rlnlo

B. Masé Slpeé:trometz;ich.a‘ta,_.:'".x'i'»_‘-:‘
"I‘he‘l.nass _spectrometer ion .c;njrents cannotbedirectlycorrverted ‘bo |
‘ ,- molécuiar flﬁ.xes because the ioni-_;laeaks mey have sevéiail molecula.r 'prec\ivr.".-, '
A‘sor.s.S 5 Also, beca.uée of instru:;nental ﬁroblems » th'e_ mass specjtrométer’ '
' 'w:a.s not calibrated to yleld abséiut-e ,iqnic or rﬁoleéular :tl‘lu.xes‘. Hoyrevéf .
'Ehe various ion currents may cqh?enienﬁly be used to.obta.in the' vapor '
composition and aétiva’cion en‘erg'_i_Les of ea..ch of fhe vapof compqnents.

The lon peaks which were observed in the NaCl mass spectrum wexje. B

Nat =23
‘Nacl® = 58, 60 |
' NaECl =81, 83 O
- The chlorine 'éc'm'té.ining peaks haw:re the pro;_ief_ 'c;h;L_Qriné 'ié_otbpe _i‘atio., :

54

Berkowitz and Chupka reportedvz.a; Na3Cl; ion in the spectrum of NaC_:!.-
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" yapor from a_Knudsenpeell, but ips iﬁtehsifrlwas iess than 1% of>the
"'Nacf ion at the highest. temperéféuré used. | In the case of NaCl the 23 ’
,‘58, and 81, peaks were measured for ﬁemperature dependeﬁce and vapor
composition studies. . |

Electron impact could fragment the vapor molecules of the alkali

halides in several ways. For example, in the case of the dimer:

M, 4 e —+M2X+ +X° + 2e”
M X, + e'-—beX% + X+ eef
| NbXé-+ e” —§h0f‘+-Mk° + 2e”

NEXé + e —;Nﬁ'+ MK + X° +b2e_
and the monomer: ;
' M+ e > MX+ + 2e”
- MX + e'v—>M¢ + X° + 2e“,
Thus the dimer could contribute to both the MX and M peak as well as‘
the Nbx peak; If this fragmentetion can be suppressed by using low
~energy electrons then one can separate»out the lon intensity due to each
parent molecule.. The ion currenps as a function of electron energy
(appearance potential plots) for;sodium chloride are shown in.Fig. Vfl
for lOW'electron_energies. As cen be seen there are no definite chahges :
of slope in the curves which would indicate the onset of some high energy‘.
fragmentation process. The appearance potentials for all three of the
ions are similar, Therefore, nothing is to be gained byiuSing low energy
ionizing eleetrohs. It would be impossible to work at electron energies

low enough to eliminate the fragmentation becauge of instrumental 11mitations.



Intensity (arbitrary units)

~60~

6
5 —
Na,CI*
4 —
2 —
0 | |  - ! ,
0 4 8 12 16 - 20
. Electron voltage
| - ., : XBL6710-546!

Fig, V-3 Appearance potential plot of NaCl
ions ' . :



The lowest practical electron energy in our mass spectrometer is about
15 ev.  The actual experiments were run at 30 ev electron energys

Fortunately, Gorokhov, et al.””’ 6
contribution of the dimer to each of the lower mass'peaks by use of a

-double oven effusion source for the vapdrization’of sodium chloride in

their mass spectrometer, The lon efficienecy curves for the sodium

chloride ions are given in‘Fig. V-5« Thelr results are expressed by the

following equations: _ .
oy = Do/ |

‘where Ikz is the contribution of the £th molecule to the kth lon current.
I (k = 0,1,2 refers to M, MX', and M2X+, respectively)s The results

with T0O ev electrons for sodlum chloride were: a., = 2.55 ¢.0;08;

01

= 0,24 £ 0,123 and a

12 = O, 17 + Oqo)‘l't Thusg,

Sop

I

o1 = To = Boplor
Iy =1 -2l
Top =%

neglecting the trimer concentration entirely, . The Na2C‘1+ (dimer) ion

current is less than 50% of the monomer current thus contribution of =~

the dimer to the mass 58 peak ié‘iess than 10%. The mass Si peak is :

 assumed to be due entirely to the. dimer. | ' e
The lon inﬁensities glven in;thé next section ére the experimentaii

ion intensities, They have not b;en corrected for_ény ihétrumental 5r
- othef factoré except for isotope ?atios. -' |

The ion current dﬁe to a molecular species may be related to the

2 have devised a way of determining the



.

apparent pressﬁfe 6ffthe speéiéﬁTinﬁihéiﬁeah by;}l o

where Pi = the apparent pressurev ,
I, = ion current of the ith fon (1 = 1 =M, 1=2=m

- x")

constant dependent on_gebmetry_and spécies but not on Pi‘OT'TéV

W
1

Thus

? * o - S
dtog® B algim | (10)
a1/7 Rlnlo - a1/t S

The mass spectrometer data were analyzed by use of‘this equatibn;_.A
least squares best fit equation of the fbrm log IiT = Ay + Bi(T) wa.s

g = R Bi In 10"

"computed, Silnce the fragmentation of the dimer molecules contribute to

fit to the data (see Appendix B for detalls of program) and. E

the monomer ions the computed monomer activation energy (E or E ) is

displaced from its real value. This error can be caleulated from

ID = LT + a,TT | ()

Let ok
\ ~El/RT
i IlT = Ale
-E, /RT

;ET = A2e

then.



.'E;éas | 4 1n T dln(IlT+a IaT)
TR TTaym v ,;.: T LT
o S
2
= e -(E*-E*)/RT (2
(1 + alé A2/A1 e ) - S -

For sodium chloride choosing representative values from our experimental

results,a ~ ,2, AE/Al ~ 100, ~ 62 keal, E 1~ 53 kcelg
B s - (o). ()

This means Ei 1s approximately 0.5 keal higher than El ~ This is‘of -

the order of the experimental error but will be subtracted from.the

1

section. Error estimates in activation energles reported are taken as

computed values of E to obtain the tabulated values of E ‘in the next '

the greater of 1/2( - E58) or the standard deviation of the computed d
slopes, ’ -

| Monomer-dimer ratioe areveoﬁputed from the lon current ratios b&

'dlusing the relative ionizastion eross-sectlon which fit the'eQuilibrium:', ;
data (see Appendix B), Following his proposal;the'monomer eﬁrrent'for-:d

vNaCl is taken as Ié5 + I58 + IGOf Letv

=

I25+_.t"r58+16o f - , (11»)' |

.18_1 + gy

g

then the monomer to dimer ration, M/D, is given by :



.

M - 'p o e
5 " T o o -‘(15)'_'_,

o

B3 A

D M D M

‘where ¢ éﬁd'c*:a:e lonization cross-sections and;%‘-ahd'f are trans-
| | : . E S | :
- mission probebilities for the ions through the analyzer. (See Appendix

T DO'D )
"M% '

: B for an evaluation of
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' VI, EXPERIMENTAL RESULTS

: A, Sample’Identification ;'

The’samplé identifying nuﬁbérs may'be deciphéred ag followst .Sample_
.II_GO (hkf) A implies that this éample came from Lot II, erystal 60. It
“was cleaved to an orientation such that_vaporizétioﬁltook place from &
.nominally (hk!) surface, The fiﬁal symﬁbl, A, designates the particular
- sample, if more than one sample ﬁereﬂcut from a crystai, - If thié symbolv'
contains an § it indicateé that ﬁhe crystgl was deliberdtely gtrained
| to‘introduce dislocations. Thé iot identiflcation numbérs arevgiven
in Table:VI-la |

Table VI~1 Correlation of lot numbers
with crystal source

Iot T Description

I Harshaw NaCl

II fv Harshaw NaCl
IIT . _3 Semi-Elements ca Doped NaCl '
IV o , | _G  Zone Refined and Pﬁlled NaCl
v _.E' NaBr Doped NaCl

B. Total Evaporation Rates of Several NaCl Crystals
(Microbalance Studies)

-The total evaporation rate data for the (100) face of several NaCl
samples taken from erystals Il and I2 are given in Table VI-2. Thé;etch._

pit count on exrystal Il was 15X106/cm? and on cfystal I2 was lxlO6/cm?..‘
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. N ST Table VI-II R
Total evaporation rates for NaCl smnples Il(lOO)A-F

(a) O mate @
T -1/ Rate = - P!
Sample Cpo : ol T4,
| N k1) (mg/enPsec) (torr)
 T1(100)A 899 ' 1;1?2 b, 7+.1x1072 53,2110
865 - 1.156  1.67+.05%10™ 1._10x10'3
- 851 - 1.175 1.oh¢,osxlo‘? - 6.8hx10’h
833 1.200.  5.0¢,15x10™ 3.26x10™
821 1218 h1xasao”  2.6ex107
- 11(100)B 8&7  . 1.181 3 8.2411%10™ 'cf;",'5 5710 b
866 1.155 . 1.56£.0x102 . 1.00x10 5
865 1.1% 1.008,1¢1072 - - 19.15x10 s
867 - ’c; 1.131 2.3+.06x107 | __.,1.5uxlo‘3
884  1.131  2.5%.06x10° - Lskao”
82k 1.21k 2.7t.1x10™2 - ’,1”'1.75xlo‘h
892 1121 2.1:.0%107° . 1.hexi0
919 1.088  3.28.1x107° 0 2.1x107
Il(lOO)C ger . C1.161 '1.5¢.o6x10‘2'I o 9.59x16'”_ |
I2(100)D . @8 - 1.208 1.9:,15x10'3"" -:“ 1,2ux10'h |
| g2~ 1217 L.be1a0”  8.86x1077
I2(100)F 836 . 1196 2.6:.0x107 . 16807
T2(100)F 83h 1,199 2:.5k.12x107 L0t
T2(100)F C8sh - LA99  2.5:.0x107 CL.6na0t

a) Error estimate is absolute accuracy, not relative precision
b) Computed by Eq. (V- 1)
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The data from T1 (IOO) A, B, and C are. plotted in Fig. VI-1, The equilibriume
total evaporation rate calculated from the data of Zimm and MEyer57 is
included" The other free evaporation data plotted are the results.of
Rothberg, Eilsenstadt, and Khsch,?a The least squaies fitted curve to

the data of I1 (100) A, B, and C was
1og R = 942 £ u5 - 9.6 * (3x10°/T
The data from ‘several sampies of 1ot II are giten in Tsble VI-III;A':. ’
- Crystal II2 had an etch pit count of 1.2><10 /cm and erystal T 60, which =
- had been strained to introduce dlslocations, had an etch pit count of
. 6310 /cm « The data from semples I2 (100) D and F, II2 (100) A and
VII60 (100) A are plotted in Flg. VI-2. Except for dislocation density
these crystals were. identical as: far as we could tell (impurities,
preparation technique), Since the dislocation densities of T2 and IIEI

were essentially identical they'nere fit to the same curve, The least |

‘squares curve for the data of Iai(loo) D and F and I (100) A was

N log R = 11.7 * .5 - l.2 % .:Lxlol‘/rr
‘and to IT60 (100) AS -
log R = 12,1 E: .3 - l.l x .lx1oh
Table VI- III and Flg, VI-2 also contain the mierobalance data for the
Semi Elements Company.calcium doped c¢rystal (Lot ITI)e This crystal _vv'..
| had a tolyvalent (AL, Ca, Fe, Cu; Po) inpurity content of about llOO pﬁn {”'l'
~and an etch pit count of MX106/cm?. These were'insufficientidata'to fit'
a meaningful curve but the evapofation rate measured~was not as high ae
that of the strained cryetals. The total evaporation rates of samples

with high dislocatlon densitles were 31gniflcantly higher than the rates

of erystals with IOW'dislocatlonidensities.
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. ‘Table VI-III

Toﬁal eva'pm;ation rates for _sodium;chldrigie sa»r’nple's'.ti
- IT2(100)A, II60(100)AS and IIT1(100)A

. Sample T 1T  Rate pr(2)
(Cks6) (X)) (mg/en’sec) (torr)
IT2(100)A 850 1,176~ k.hSE.1x1070 2.92><1o'1L
.87 1209 1.66%,1x107 1.06x20™"
846 1.182 © 3.16%.14x10™ 2‘.07><J.o"l+
880 1,136 1.31+.1x10™° 8.60x107
865 1156 .. T.TE .x1070 ‘ 5.05x10'”
838 1,195 @ 2.58+,1x107 1.68x10”
C7hg 1,335 5.0£.1x107° 5.07x10™°
899 1.112 © 2.16+.1x107° 147107 -
IT60(100)AS 774 1202 . h.goxio™ - 3.08x107
- 795 L.e58 . L.6xa0” 9.22x10™
814 1.229 . 3.18x107 2.0hxlo_h'
832 1.202 - 5.09%10™ | 3.31x10‘h
852 1Ak 1.15%107C 7.80x10™"
871 1,148 2.17107 1.3x10™
TITL(100)A 1885 1,130 ¢ 8.4+, 1x10™ -'9.9xlo44-.
' 865 1.156 7.65%.1x10™ 5.02x107 "
863 1.158 | 7.55t.1x1070 4.96x10™"

8) Calculated from Eq. (V-1)v .
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 Fig. VI-2 Total evapora‘tion rates of NaC‘l samples
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. C. Vapor Compositidnfand-Activation Energles
of Vaporization of NaClL (Mass Spectrometric Studies)

‘ The Qapor‘emitted-from a'NéCl crystal contains both moﬂomer énd

:i poiymer m.olecuies._54 The dbminant species are NaCl (v) and Na2012 (v).
The contribution of each of theée species to the ﬁapor flux from the
NaCl samples was monitored as a.function of temperature uéing a quadrupoie
mass spectrométer. Because of ﬁhe large number of samples used in fhese
experiments the data will be tabuléted by the ﬁarameters of the least

 squares curves fitted to |

T =2A'+ B/T

log Ii

1=1,2, and 3,

The monomer/dimer ratio. data are reported as

1og 1/Ty = Ay, * By, (1/1)
This‘mpnomer/dimer ratio may be converted to pressure retios using the
applicable relative ionization éioss sections and of transmission’faétOrs

for the various molecules. (Seé Appendix B) Thus,

3M

log —5 é. Ap + BMD/T

D

1. Xnudsen Effusion Experiment'on NaCl

An effusion cell measuremeﬁt was made with sodium chloride in order  

to test the accuracy of the expérimental apparatus., The results are

log I,,T = T,072.2 - 1.135#.02x10h/m

5
log Ig, T = 8.38%,3 - 1.é77i;0221ou/T



-T2

and are shown in Fig. VI 3. 'Thejmeasured heats'ofmvaporization for the -

monomer and dimer were 52 Lty and 58 L# kcal/mole at 800°K, The accepted o .

 yalues are 52,1 and 59.5 kcal/mole; at this temperature, 15,58

The agree-
-ment 1s quite good, thus the activetion energies;measured in ﬁhis_research
should be relisbles The monomer to dimer ioniec ratio for these datapis

, giveh by’ _
log I/1, = f,7i.2'~+-l.2xlo_§i.l/T

At T = 1000°K this ylelds I /I = 2.6, ' The only reported value at

b

1lOOO°K 1s for the pressure ratioﬁM/D and 18 3,0+

- 24 Annealed and Untreated Crystals

‘ A number of crystals were: used after cleaving and etchlng without
any further preparation, Severai crystals were armealed in vacuum or 3;
.bunder an atmosphere of dry nitrogen. The results obtained from both

' sets'of samples are given in‘Tdble VI-IV'end plotted in Figs. VI-% to

© VI10, Monomer-dimer ratios were not caleulsted for samples 2 (100) G-;

'_Ih (100) A because instrumental repairs that altered the transmission |
:probabilities were made between the experiments on these samples and

o

the rest of the experiments.

-3 Impurity Containing Crystals

The effect of certain impurities on the activation energy or the
monomer:to dimer ratio was investigated for the impurities. Br ) O2 »
. OH and Ca++. Bromine was chosen because it was present in relatively
large concentrations in the Harshaﬁ'sampleszs oxygen and OH , because
they could have been-introd?ced by suspected impurities-in the crystalt

growth apparatus; and calcium, because it wes a polyvalent ion and
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Table VI-LIV

Mass spéctrometer results on NaCl.

Sample 12(100)23 T3(100)A . Th(10D)A I5(100)A" ° II5L(100)A IV19(100)K II58(100)A
Annealing none . none none . 450°C vac ©  none ~none - 700°C Né:, ;
Etch Pit - - _— .8><106 -- 2x10° 2x1‘o6r o
density | i
A 8.61+.2 8.41+%,3 9.48%,3 7.61%,2 8.0kt k- 8.59%.3 8.28t.2
—lelO"l“' 1.157+.02 1.I144%,03.  1l.2hk2+,02  1.116%.015 @ 1.162+.05  1.188%,02 1.188+,01
A, . 8.0t2 - 8.69%.3 9.24t,3  T.63t.2  T.28%.3 ,8;55i.3_ - 8.03%.2 o
'"-'-'B'é'xlO”‘h“# 1.101#,02°  1.150%.05 1.212%.02 1.1018%.02 1.113+.03  1,190%.03  L.169t.02
_‘A3 10.52%,2 10.59%.3 511.561.3" 9.155%.2 "10.281.3 . 10,23%,3 9.68t.1
-BjxloJ* L3102 1.345:.03  L.e2:.02  L.2725:.02  LJL05.05 L6102 1.35hi.0Ll.
. pypxl0D - _— - Lht2 2,723 1.6t2 S L.8t2
E*M | SL.TEL. 52.441,5 56.1% 1 50.T: 1 S2.081.2  sharl shotl
B 6L.3t1.%  6L.5t1.6 6511 . 8.2t 1 6hte 62.3% 1 62,054
AvGh E¥y - 52.6% 1
AVG B, - 62,1t 1 . | }
1 Corrected‘for dimer contribution to monomer peéks. ’

‘@7
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. Fig, VI-5 Mass spectrometric results for sample
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v. polyvalent ion impurities are known to strongly affect the electrical
properties of NaCl.l6 The analyses of the samples are given in Table '
IIT-I. Although the "calclum.doped" Sample did not have the desired

. caleium concentration it was used anywey'beeause it did have a high or
v:_polyvalent cation impurity conteﬁt, (~100 ppm) fhan the.HarshaM‘and zone
refined crystals. The results eie shown in Table ViQVCI and Flgs. VIﬁll '
to VI-lA. The only impurity doﬁed sample whose activation energy is
significantly different from the average falue of ﬁhe undoped samplee

: (Teble VI-IV ) is the calcium doped sample;v

4, High Dislocation Density Crystals

Samples with high dislocation densitles were also used in thege mass 
spectrometer studies (See,Seca'VI—B for weight loss measurements.on high
dislocation density samples).in order to ebtain'an acfivatioh energy of
vaporization for the monomer andidimer from.the highly‘strained eryétals"
and to see what effect the disloeation densiﬁyihad on the monomer-dimer
ratios, The results ere shown in?Table VI;VIi and Figs. VI-15 to VI-1T.
Sample II58 (100) A is included in the table as a reference sampie which
was taken from the game lot of HarshaW‘crystals and annealed before use..
The activation energies of the samples with the highest dislocation densi-:

ties are significantly larger than those of the unstrained crystals,
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R : S 5 Table VI V S
Mass spectrometer results on impurity doped NaCl.

{-_,1;§3ef;;?g;sf%,,‘}g',:;;~

: 3.Sample | T6(100)A40

Oxygen

_ Impurity(&)
©3x10°

Count

V21(100)A

_Bromine

o owal®

Ims7(100)0

Oxygen

‘unk

ITIT1(100)D

:Divalent‘
'vAhxlO6

Al : o C8.11%.2
; -'BleOl’-

eppaot o riaekeos

‘ A5 ,‘,;ﬂ;ej“9.77¢,2
-Bx10* . L36ke.0p

L2
) . E.Oioe

62,k 1

é?:éiéﬂgg,  0

1.159t.015

R

’:-8 5hi.h
1.189+.ohj, -

10.60%4
| 1.392%.05
183

-

BCRCR

1.177t.oh o

1.129%,01 .

7.88t.2
L.ihkex.0l
10,03%,3
1.368%,0L -

0,3%,2

2ot

Ge.6r6

T1.2%9%,01 .

et
’1'2l“*f°l“flfﬁfj5fft

10,58,

BRERE A

s6a%6

=  }&) ‘Sea Table III-1 for.imﬁurity eoncentfations. : _':f.ﬁ5i: 

1.h23+.01 ff sl
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.Mass spectrometer résults'én NaCl crystals :

~ with high dislocation densities.

'~ Sample

.. Etch Pit Count

ri58(1ob)A

2XlO6 :

TT56(100)BS | 1159(100)As.

~4xi06/cm2

_~6x106

;I62(1oo)As' o

>i5x106/cm2

8.28%+,2

1.188%.01

- 8.03%%.2

- 1.169%.02

- '9.68%.1

1.3sktol

© 9.05%.3

1.222%,02

8ﬁ78t.h

. 1.211%.01

11;06t.3

T 1.433%,01

8,50%.3

. 1.190%.02

< 1.,164t.02

10.30%,3

8.88%.3

1.2498.02 .

: 8.62+.,3 S
© 1.223%.02 S
9Tt

1383%.02 | L3RR

i . .+ i i o bt

e e

. A bt
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VII. DISCUSSION

A, ‘Effect of Dislocation Density on the
~ Vaporization Characteristics of NaCl

The total i'ate of vaporiza,tion of the _(lOb) fs.ce of I\TaCi ,single:
cr&stals mea.sui*ed in this reseaz‘-‘ch was lower than the 'equilib:rv'ium rate.
(Eqe II-2) by a.bout a fa,c’cor of two for crystals which had an e'tch pit
| count of approximately 1xX10 /cm - However, crysta.ls,wi‘th larger etch
pit counts ’ in the renge of 5><lO.‘ /cm2 to i5><106/cm2 , had evaporation rsﬁés_ .
which were equal to the eQuilibI:ium i-ate. Other than the difference |
. in their dislocation density, ‘bhe crystals were identical; they were
grown under ldentical conditions a.nd had approxima,tely equal impurity
bconcentra.‘tions. The only other ,determ:l.nstion of the total rate of
“veporization of NaCl single crys.te'uls was reported by Rothberg, Eisen-
stadt s and Kv.:.s'::h.,22 Their re‘poz;“bed total evaporatlon rate is almost a,h_ .
order of magnitude below the eqﬁ_ilibrium rate in the temperature _regioﬁ
in which it was moasured. They qO not vrepo‘rt the dislocation density of
thelr crystals. Expressing these results in terms of the evaporation
coefficient s an order o:t‘ ma,gnrtude increase in “bhe dislocation density
increassd the average 'e,va,pora,tlop coefficien‘t_ from ozv ~ 05 to Otv ~ l.vO s
while Xusch, et al, reported ‘an Veva.p_ora,‘tion coeffioient o'f_oz ~ 0,1 The '

. variations in evaporation rates of crystals with different dislocation
densities are greater ’oha,n the estimated error in our measurements by ‘
sbout & factor of two. |

The masvs spectrometric .dataiindice.tes that an increase in the

‘evaporation rate 1s accompanied by an Increase in the actlvation energys

These changes were small, two to. four kilocalories ," but the deviation
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.of E from the average activatidn energy’exhibited by the 1OW'dislocation

density crystals was greater than the standard deviation of the data.

The overall vaporization rate can be expressed by

_ - -E /RT
R, - KO(A)_.L e

where K is & constant related to the frequency of motion of & moleculé

over the energy barrier, B , and (A) 1is the concentration of molecules
tat the initial site from which vaporization proceeds. A change of -
,two kilocalorles in the actlvatlon energy'would change the evaporation
“rate of NaCl by a factor of B_at 800°K 1f there were no accompanying

. chapge in the pre-exponentlal factorsg The observed higher’activation
© energy of vaporization for crystals with larée disloecation densities

should lower thelr evaporation ratei We observed an increase in the

rate (XE),.however, Thus it must be concluded that the pre-exponential

| factor increased by approximately an order of magnitude 1n order to
account for the increased evaporation rate, It 1ls most likely that

this increase in the'magnitude of the pre-exponential factor as more

. : .
dislocations are introduced is due to an increase in the number of ”

 surface sites from which vaporization 1s initiated. Rosenblatt, et al.7

have observed an arsenic single crystal face during vaporlzation using

en optiecal microscope. They found that they could account for all of the

. vaporization flux by the growth,of plts around dislocations., There is

a definite roughening.of the sodium chloride surface during~evaporation

which 1s probably due to a combipation of normal ledge motlon and

- enhanced vaporization around dislocations. It is apparent, from our

data, that a dislocation deneity of about 107/cm? 1s sufficilent to

‘establish a rate equal to the eduilibrium rate, however we cannot say

what the lower limit of @ wi11 be as we were not able to prepare any
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samples with'dislocatibn densities;ldwer ﬁhan ~ lxloé. >

Since both the evaporation raﬁé and actiﬁatiqﬁ eneréy depend on the
dislocation density we had to detefmin? what free évapbration rate And
.activation energy are intrinsiec toién unstrained; pure NaCl (100) crystal"’
surface. We have cﬁosen the avergée of the activatién energles and total
rates of the unstrained and undoped crystals aé charactefistic of the vapor-
ization of pure NaCl. These crystals had an average dislocation density of
~ 1x106/cm? as measuréd by etch piﬁ density. The,activﬁtion energies ére
52.6%1 énd 62.1+1 kcal/mole of vapor for the ﬁonomer and dimer, respectively.
Kusch, et a1.22 reported 61.7+4,6 and 67.2¢4.6 kcal/mole,.respectiveiy.

The monomer—dimgr ion ratios that we measured are unchanged by the dis-
location density of the crystal to the accuracy of the'experimeﬁtal daté.A
If we apply the cross sect;on ratio necessary to fit dur effusion cell data
to'Gorokhov‘s56 reported ionomef—dimer ratio, then our average monomer-dimer
ratio in the temperature range h507¢ to.900°c‘agrees with the values of
Rothberg, Eiseﬁstadt and Kusch within the experimental error of fhé expefi;'
ments (Figs VII-1); and yields M/D = 4.5 at 9oof’K and M/D = 18 at TOO°K. |
- The constancy of the ratio, M/D(T) for all the crystals, éven though the

activation energies change from crystal to crystal, is a consedquence of the

‘ * ¥ ' . .
fact that the difference, EM_Eb’ is constant within experimental error.

B, Effect of Tmpurities on the Evaﬁéfation Behavior of NaCl

Of the impurities that we infroduced into thé lattice bromine'
(as Br”) and oxygen (as Og or OH") had no detectéble effect on.the' |
activation energy or monomer-dimer iatio. This was determined b& |
comparing the results of crystals containing (deliberately or éther;bi

wise) these impurities with the results of the zone refinedeyropolous
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, grown sample which had a very low impurity concentration (See Table
-III-l) The divalent: cation doped crystal (M >-lOO ppm) daid show‘
fhigher activation energies than the normal crystals,' However, this
,’crystal had a somewhat high dislocation density (~ hxlo /cm by whichv‘
may .bew-respon31ble-rfor parb;mof"hthe# change.*«WE_&lso observed
however that the total evaporation rate of thils cryStal was not as

‘high as the dislocatiOn density would indicate if it behaved in the

same way as the strained cryetals. More work is needed in this ares -

in order to elucidate the effect of the impurity (1f any) from the'

effect of the dislocations.

C; Comments on the Mechanism of Vaporization of NaCl

The major features of the vaporization kinetics of sodium chloride;,r

geem o be explainable in terms of the Kossel-Stranski 26,27 model of a.-'

erystal surface (Fig. VII-2) and a stepwlsge model of vaporization. We

shall consider a possible model. of the veporization of an alkall halide : .

which 1s capable of explaining most of the results, that is:
l) Ledges (of approximately monatomic height) are formed at hoth
the edges of the erystal and at positions where dielocations_intersect

the surface.

’2) Both monomer and dimer molecules are formed at sites on these

ledges,
3) The surface diffusion rate of molecules away'from.the ledges
~and the desorption rate of these molecules from the surface are -

comparable and rapid4

Let us consider the third hypothesis first. ‘Knecke, Stranski and' |

Schmolkejo have followed the evaporation rates of KC1 and KI as &8

function of pressure., They found that the vaporization coefficient,



| - | ‘MUB 11115
Fig. VII-2 Kossel Stranski model o:f‘ a crystal surface
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av; wes higher than l/ﬁjand‘lower thaﬂ 2/3 at_high”undersaturations

‘(far from equilibrium?'(Péq-P)/P;q = i) and qecreaeed With_decreasing
undersaturatioﬁ (PfoPeq). Jaeckei.and Peperleﬁb.found ai@ilar results
for NaCl, in good agreement with;our free vaporization data. Knacke;

et al. ﬁade electron mierographs;of the surface after evaporstion for - -
' several undersaturations (pressures). At high undersaturations (free
'vaporization.conditions) the surface was completely roughened after

evaporatlion and the distance between macroscopic steps wa,s about :LO"'5

%o 10-6 em, These values are equal to or smaller than the values of the

equilibrium ledge spacing estimated by Hirth and Pound. If fhe under-~
saturation was lowered the step structure of the same sample becomes -
smooth again, lseay the spacing between ledges increases and’ O decreasee;.

If the final desorption step was "rate determining" then the surface

" diffusion step occurring béfore desorption should lead to an equilibrium"'

ledge spacing at any undersaturation.

29 has calculated the activation energy for dilffuslon of & KCl

Hove
vmolecule on an Infinite ideal surface and found it to be aboutl0¢25 eVa

. The calculated binding-energy'wae 0.36 ev, (These energies w1ll be

gimilar for NaCl.) Assuming that the frequency factors for these motlons,.'

12

are similar (~ 107" se ) then the mean path 1ength of & molecule would -~ .

“be at most a feW'lattice spacings before it evaporates (on a plane

surface). This implles that surface dlffusion does not play an important P

.

role in the vaporization of the alkall halides. ,

In support of 2 we found that the difference'beﬁween‘fhe activation'
" energles of the monomer and dimer (E M)
all of the NaCl crystals, within the accuracy of our.experiments. If

was‘essenﬁially consfant for -

“the dimer were formed by the reactions of two monomer molecules adsorbed.v.
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on-the surface then the dimer toimonamer ratio;should g¢ upiaé.a functibn
"of monomer concentration, lee., |
D/M«M or M/D«1/M"

: For crystals ﬁhich have a high veporization'flnxb(strained crystale)
.there are more mon‘omer molecules on the su.rface' but, 1f anything the
i dimer to monomer ratio goes down (M/D goes up) for these crystals with
respect to the lower vaporizaiion‘rate erystals (lqw dislocation density-
erystals). ;‘ |
In this model the monomer-dimer ratio is-fiXed 5y'the difference
in the energy necessary to removeia monomer or dimer, respectively,
from the kink, |
The increase of the activation energy with increasing dislocation
density can be explained by considering the effect of ledge spacing on
~the potential energy of an ion pairv(molecule)-on the surfece. Lennard—:
_‘Jones and Denéu%eve shown that the potential energy of an,ion.pair on
the surface has a larger contribuﬁion from interacticn with ions in the
same plane than from intersction With ions in'nnderlying planes inlthe
bulk lattice, The energj'due to_e partial plene at a distance, r, ‘
-from fhe ledge assocliated with this plane decreases slowly with respect
to re |
Thus, as the ledge spacing decreases, the potential energy ofvthe
molecules between the ledges increeees_since their interaction with
more than‘one ledge must be considered.
Pr0p031tion l) is fairly obv1ous. Dislocations can serve as

12,13 60,61

nucleation sites in crystal growth, and thermal etch pits

have been observed on alkall halide crystals at the points of emergence
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of dislocations on the surface.. Thus increasing the dislocation density . o

will increase the number of. ledge nucleation sites and thus increase the_‘.f:Q;

density of kinks on-the surface.l? This increase in kink density'will

inerease the total vaporization rate, as can be seen from Eg. VII-1..

D. BSuggestions for Further Experiments
' - to Test the Proposed Model

’

Two experiments which should shed some light on whether the dimer

- is formed from two moblle monomers or at a kink site are the following.

1) Direct a molecular beam of an isotopically labeled monomer onto'
la surface at a rate low enough not to. appreciably increase the surface
concentration and look for the fbrmation of dimers from two labeled
monomers. This beam could be formed by effusion from a super,heated'
-vapors It would have to be pulsed and the surface cleared of
isotopically labeled:atdms betweenipulses in order to minimize the ,‘
; effect of isotopesvsubstituting into surface'sites and. introducing:_i
ambiguity intO'the position of dimer formation, |

2) The energy difference between removing 8 monomer and & dimer -
r‘from a kink should be calculable,g If the experimental energy difference"b
: betweenvmonomer and dimer.activation energy of this halide are the same .
‘with respect to the calculation as NaCl is then this would be addltionalv'.
ev1dence for the formation of both monomer and dimer ‘at the kink ﬁ

positionﬂ
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APPENDIX A .. |
... THEORY OF QUADRUPOLE MASS FILTER .~

51

) from_a_quadrafic'potential @(;: t) has been giveh by Paul :'5n¢;i8ﬁ5um“ .

 marized here. A DC:voltage and éﬁperimposed R¥ voltége are imposed on_.f"

.- the quadrupole rods as shown in Fig. A-1. TIf the rods were hyperbolic .

~ cylinders, the potential of thdséelectfostatic field would be,

¢ = (v, + 7, °°S.4¢)(y2 -ze)/r02“, N (a-1)

The force exerted on & charged pérticle in the ith direction by this
field is | | o -
i
(1 = %7,3)
The trasectory pf such a pgrticleiis described.byithe'véctor equa%ion,
obtalned by forcé balance, | | | u

ot o9y

 Using Eq. (A-1) and the above form for &(%,t), Eq. (A-3) is resolved

into its three cartesian components.

3° B - |

. m S5 =0 B (A-k)
a2 - ,
oy Lo (v, +v v &)y =0 (A-

g;é- - - 2'1 1 0 cos wt y = -5)

2" + By 4w am)ﬁ' =0 .(A 6)
SEE — 5 1 o co8 7z = -

o .

The equations of motion of an lon in a time varying fleld derived -

Figt? = e By(t) =.?§21§321 - (a2)

2 - s | | -
37q, (%) - = - ' - .
m i — - e BVégth =0 N (A-3)

-
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Fig. A-1
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These equations are re-arranged into a more convenlent form, -

: 2" y2 + (-a - 2q cos zt’)y =0 . (a8 -
2 p | ~
a2t (e -2acosathz =00 (8-9)
. 8eV L ' : BN
1 ' 22 '
‘where tt = &w/z; a = . Qmme ;. g'= heVb/ro ® m,
, o . g L

Equation (A-T) is readily solved to yleld the trajectory a1ong,the7'

axis of the quadrupole array,
Cox(8) = vt R S (a-10) -

where v is simply ‘} Voo, /m s where Vf c. is the voltage of the |
Faraday cage 1n the lonizer and z 18 the lon charge (usually 1) and the

time-origin is measured from.thaﬁ time when the ion enters the quad-
vrupole array. . ‘
Except for a “sign, Eqs. (A- 8) and (A-9) are identlcal and are ;

expressed here in genersl form.,

8 £ =+ (a -2q cos wt')E =0 . (A-1L)

atr - T i
FEquation (A-11) is the cenénical form of the Mathieu Equation, without
a dampihg term (kJ&/dt*) or é'phase shift. The solution is well known
and tabulated from such problems as tidal waves in cylindrical.vessels'

with elliptical boundaries, decay of magnetic forces in metal cylinders,

the mechanical spring problem»with a spring constant which varles
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sinusoidally with position, and criticallity calculations ~of cylindrical :

reactor cores with elliptical boundary conditions.

The general solution to Eq, (A-11) is
o ptt S, int! ~ut? -intt =
E(t\‘) = Ae Z:m.cne + Be ; Cne T (A-l2)

‘This leads to two types of ‘solutions. The first will be called
~ stable since as t'>w, £ remalns finite for all t!, - The other will

" be called unstable since as t'-»0, & 5. u, which 1s called the

:f'characteristic exponent determines which type of solution is present

p 1s defined unambiguously by the parameters a and q. The following

. cases are distinct possibilitiest

a) M = 1B, pure imaginary, B not & whole number - stable
- solution. .
b) p = in, n a whole number — & non-trivial, limited

" periodic solutions. Each of these linearly independent
solutions 1s unstable. *

c¢) p 1is complex, the sOlution 15 unstable unless A = O,

The stability of theAsolution depends only upon p and. tnus upon
8 and q, which do not contain the initiel conditions. One can define
" areas in the (a,q) plane for which all (a,q) values lead to ‘stable
solutiong. In this way one obtains the stability diagrem which is
shown in.Fig. A-2., Only those ions for whicn both the y and z-orbit
are stable will have stable trajectories. Thus the points (a , qy)
and (az; qz) must both lie in a stable region. vay = - g, and q = —qz
If the (a,q) plane is reflected at both the & and q axis then the

points (ay, qy) and (az, qz) are superposed.
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For fixed values of the fleld parameters, ré, dy Vi énd‘Vb_all ione

of the same m/e have the same (a,q). :Since'the félation.a/q'é'E,Vi/Vo ’

ra

doeé not contain the mass of the lon. ' The operéting points of.all lons,
‘regardless of mass lie on the same straight line, the mass line, through

'l the origin of the stabllity diagram. - By increasing Vl/VO the stable

g-interval, whlch corresponds tola gtable megs inﬁerval_may be made so

small that only ions of one mass are able to pass through the field.

This is the action of the mass filter which permits its use as = mass

 spectrometer. Only masses In the interval

22 o 22
r T W

: o < & < o
ql N Vo - m - q2 N VO

wheré,ql end g, are the intercepts of the mass line with the boundarieé’

of the stable region.
The limitétions on the mass. filter are:

l) The derivation given abéve hag assumed that the rods are -

infinitly long In order to remove all unstable ions. The finlte

length of the rods demands that the lon transit time bé‘much longer

than the period of oscillation of the R.F. voltage.

'

2) Even thaugh an ion may theoreticélly exhibit a stable orbit
its amplitude may‘éxcéed the pole spacing, T and it Will be lost.
Thls effect 1s a function of the;mass, the initlal coordinates at
which the lon enteréd the quadrﬁbole, lts radial veloqity.on entry;

and the amplitude of the £ield af'its entry time,
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- QUADRUPOLE MASS TRANSMISSION AND IONIZATION CROSS -SECTIONS
As discussed in Appendix A the stability of an ion in the quadru-f

vpole field depends on its entrance condltlons and other factors which

cannot be theoreticalLy.calculated. Therefore, in order to compare

our relative ion intensities'to those obtained With‘other.types of

mass spectrometers, it 1= necessary to calibrate the ion transmissionr
. of the quadrupole as a functlion of mass. The way that we choge to do -
‘this was to take mass spectra of known organicvcompounds and to com-

pare these spectra with the A.P.i: pubiished gpectra taken onvmagnetic_'p.
deflection types of mass spectrometers. |

~ The compounds chosen were spectroquality nrheptane and n%hexane.

‘These compounds were Introduced into the mass spectrometer at a congtant

rate through a pin hole in & gold'foil leak from the.gas handing manifold.e;'f_ .

. A pressure in thevmanifoldiofIEEQOu was sufflclent to obtain repro-
"ducible spectra; The relatlve peak heights in our spectra were compared

" to the relative peak neights in tne published spectra (m/e = b3 as, ' |
reference) and the ratio of our results to the accepted results taken as
:v'the transmission ratioy T, for that mass.' A plot of 7, 8 & function of'>¥
mass is shown in Pig. B-1l. |

Certalnly part of this ratio is not due to quadrupole transmission
factors, K but to differences between our ionizer region and the one in
pthe mass sPectrometer used to obtain the published spectrs. | ,

Another way of checking the transmission and ionization efficiencies‘
of our instrument is by comparing our Knudsen effusion data to a reported
i.monomer to dimer pressure ratio from_an effusion source. _Gorokhov56'has_

. ‘reported that the monomer dimer retio is”~3.0'at T = 1000°K.
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Our data ylelds

L 5
Ty = 5507
=5
. I58 = 7005?(;.0 :
.» _ t - _5 v. )

'Thﬁs, without any correctlons

;M ) 12:6 = 3.1
D S

O

The pressure ratlo 1s given by 3 

=

il
PD

5 %
M M
where the T's are ﬁrensmission‘eerreetions and the c‘e-are fonization -
| | cross sections. tp/t, ~ .h/.8,iwhich would iead to,cD/e' ~ 2 1n order .
* | : to obtaln the reported pressurevfatio. This cross section ratio is the
one that would be assumed from the additivity rule used by many mass
vspectroscopists in the absence qf other information. Berkowitéﬂ%as found
UD/qM = 1.25 at 70 eV by comparieg his mass spectrometrle data to
Miller and Kusdbﬁf%mlecular beam data. However, there is & question
of the accuracy of the latter data since there is.evidenceészthat the
NaCl reacted wlth the copper celi used as an‘effusion gource,
In order to gef agreement between,eur date and that of Gorokhov,

we will choose v ~ 1 in the analysis of our data. This assump-

2/ "
tion results in reasonably good agreement between our free vaporization

22
data and that of Rothberg, Eisenstadt and Kusch.



- "‘,XaLs'_rs'-szs_s :
- -Fig; B,-i‘.‘ Quadrupolé'transmj_,ssibn']E)i*oba‘b_ilit'y I
v . .. . (normalized to m/e = 43), .
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 memmxc f
MASS SPECTROMETRIC DATA ANALYSTS ~ =
.:Theimass;spectrometrié dataWEfevanalysed to dbﬁain a»leaéf séuéres

£14 to the experimental date with standard deviation, o end the |
several activation enérgies on the Lawrence Radiation Laboratory CDC 6600
computer. Standard deviations fo; both the slope and iﬁtercept Were'also.b
camputed. ' |

The Intensity of the peak uséd to characterize one of the lon
species (e.g., m/e = 58 for Na01f) was corrected for the isotopic
abundanhe of the constituent atoms so that the total ion species.'
intensity was obtained. | | | | »

The program fits a line to the data expressed as log IT = A +B/T.
Then it compares the devi;tions of:the data points to the sﬁandard
deviation. Any points more than 2,5 ¢ frqm the line are discarded
and the curve refit., This is continued untill all the remaining points -
are within 2.5 ¢ ?f the fitted cur%é. Generally this only discarded"
data polints in which anverror in the order of magnitude of the inteﬁs-;-.
1ty had been made when the data was reduced to cards or tape. . Thé |
progfam then drew a graph of all tﬁe ihtensit& data andvthe fitted
~curve for each of the lons of intefest. A listing of the program
'excepf for the plotting subréutine?which‘is a library subroutine in -

this computer follows. = = .
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SUBROUT INE DATF!T(KoN'A)
COPNON/TMH/TMM(3.Z)oQCALC(BcZ’oT(ZOO’ 0(?00)

COMMON/AR/AR( 3, 200, 3) yAMASS(S)
DIMENSICN A(3), QT (200), TCUR(200)

J=0
ITER=1

DO 10 L=1,N
IF(QIL).EQ.~4.0) GO TO 10

J=J+1
QT(JI=0(L)
TCURC IV =T (L)

10 CONTINUE

6T CALL LINUSOUTCUR, 0T, J,A,STCMA,SA,$BY

PRINT 1 ,K,ITER,A(1},A(2),SIGMA,SA,SB

71 FORMAT(// 20H PARAMETER'S FOR !nN.ll.sx.9H!TERATloN,!7/sx."“

c

X SHA(1)=,E12.4¢5X, SHA(Z)=pE12.495Xv6HSIGMA=.El2.4oSX 3HSA=’E12¢
‘>X v SXyIHSB=,E12.4) .

. J4J=0
DO 20 L=1,N
_AR(K, L13)— ALY +A(2)=T(L)

TF (ABS(AR(KvaB’ QL) )~ 2.5%SIGMA ) .GT.0.0) GO TO

C
c

20

g T
POINTS WITH DEVIATION GREATER .THAN 2.5%SIGMA ARE DISCARDED AND

THE CURVE IS REFITTED UNTTL ALL REMATNING POINTS ARF WITHIN
_2.5*%SIGMA ~THIS IS ABOUT THE .95_pq~fxnencgmgﬁvst,h‘mu o

JJ=4g+1
oTteaN=Qty
TCUREJII=TILY

CONTINUE -

e

BRERK

TF(JJ.EQ.JY GO TO 6

TITER=ITERsY AT T
.GO Tn S . - P -
DELTAH==-A(21%1,987%2 303
SIGMAH=1.987%2.303*SB

T PRINT 2, DELTAH, STGMAH

.2 FORMAT{10X , THDELTAH=,E1 2, 495X08HS!GMA H=y4E12.4)

_QCALC(K,2)=A(1) $A(2)#TMM(Ky2)

QCALCIK, 1)=A( 1) +A{ 21 #TMM(K,1} "

RETURN
END

XBL 679-4869
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T TSUBROUT INE MAXM!N(T!NV.N,TMAX,TMIN)
DIMENSION TINVIN)

TMAX=TINV(1)
TMIN=TINV (1)

D0 10 I=1,N
IF (TMAX-TINV(T))142,2

_ 2 1IF (TMIN—TINV(I))IO.IO:B -

1 TMAX=TINV(I)

3 TMIN=TINV(T)
10 CONTINUE

RETURN
.END

TSUBRGUTINE GRAPH(KsLABEL, 1)
" COMMON/TMM/TMM( 3,4 2) yQCALC(3,52),T(200) ,Q(200)

T DIMENSTON K(3) ,Y(2),TINV(2)
COMMON/ TVPOOL /XMIN , XMAX o YMT N, YMAX , TVXMIN, TvaAx.TvvntN rvvnax

TTF(T.EQ.2) KK=T

 _TINV(1)=TMM(I,1)

XMIN=1.05E-03 $XMAX=1, S0E~-C3
_YMIN=-=10. $ YMAX=—4,

TCALL TVGRID(1Y, 9,6HN0LBLS:116)
_ CALL TVLBLI9,6)

IP=x( 1)

IF(1.FQ.1) KK=23

TF{1.FQ.3) KK=6

" CALL TVPLOTIT,Q, !P.bHNOJOIN.KK.l)
Y(11=QCALC(1,1)
Y(2)=QCALC(1,2)

TINV(2)=TMM{T,2)
CALL rvpLor(TINv,y,z.auJOtN) e i
CALL TVLTR{12.,412.,0, 3,LABFL,10)

__ CALL TVLTR{400.415.40,2,3H1/T)

U CALL TVLTR(15.45300 4142 yTHLCGHLITS )

IF(1.LT.3) RETURN

CALL TVNEXY
REYURN
END .

XBL 679-4871
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~ PROGRAM MSDDAS(lNPUT.OUTPUT.TAPEb,TAPE?B.TADE99) T _

C MASS SPEC DATA ANALYSIS - ‘ .
c NO CORRECTION FOR TRANSM!SS!DN RAT!OS.ELECTRON CURRENT.CROSS SECT.,

LOGICAL INDEF :

COMMCN/AR/AR( 3,200,531 yAMASS(5)
_ DIMENSION K(3),A(31,AISOT(S) : N
" COMMON/TMM/ TMM(3,2),0CALC(3,2),T(200),0(200)

c AT1SOT=INVERSE OF RATIQ OF CONCENTRATIONS NF lsorost IN Measunsn
€77 PEAK TOALL ISOTOPES IN ATOMS DOF [ON T
c NO MORE —-AS LABEL IN DATA CARDS TERMINATES paocsssxnc
- PRINT 99

200 CALL RETRV(K,LABEL,NP)

IF( NP.EQ.999) GO TO 151
. AISOT(1)=1.0_SAISOT(2)= 1.32398‘ SAISOT(3)=1.32398

AISDT(4)=1.00 S$AISOT(S) =1.00
PRINT 99

99  FORMAT(1HI)
DO 90 I=1,3
KP=K(1)

.. CALL TEMPERUILKPY

DO 30 L=1,KP
IF(INDEF(AR(1,L,2))) GO TO 28

IF{ AR(T,L,2) ) 28,28,21
28 O(L)=—4.0
' 60 TO 29
21 Qtu)= AR(I'LoZl*AlSOT(I)IT(L)
TO(LY=ALDG1O(QIL))
29 AR({I,Ly2)= QML)

30 CONTINUE 6 - _ : e
 CALL DATFIT(I,KP,A) . '
c DATFIT RETURNS PARAMETRES OF FYTT!NG ‘CURVE AND DFV!ATIDVS

. PRINT 7T,I41,1 e

7 FORMAT(// =* llT(*oXl.!Hi * 17(*.!1.1H).
X * ITCALC(*,11,1H)} )

PRINY 65, ((AR(T,J¢N)N=1,3) oJd= I'KP,
6 FORMAT( 3(5X,El2.4) )

PRINT 99
CALL GRAPH(K,LABEL, 1)

90 CONTINUE

GO 10 200
151 CALL TVEND
i _._._-S,TDP_ e e e et e e e s e e+ e+ -
. END I - i e e - — . e e e e+
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SURROUTINE RETRV (K, LABEL,NPY 707
COMMON/AR/AR(3,200+3) JAMASS(S) . .

. DIMENSION K(3) » : T T

TEQF=THENDFILE

INTEGER TERMIN
TERMIN=THNO MORE

READ 1, LABEL
FORMAT (A10)

IF { LABEL.EQ. TERMIN ) GO TO 100
IT=6

READ (6) ULBL
IF(LBL.EQ.LABA. ) GO TD 15

IF (LBL.EC.TEOF) GO TC &
D0 99 1J=1,4

"READ(6) OUMMY

CONTINUE

IF (ENDFILE 6) 12,7

REAC (6) ECF

PRINT 6,LBL,LABEL,IT
FORMAT{5X yAl10 4*SOMEHOW AN EDNF!LE HAS DYSAPPEARED*/

“ 1% THIS SET OF DATA %,A10, *HAS NOY BEEN_RFAD oN TAPE*.I?)Vm;m”

GO 1O 5

15

~ip "

READ(E) (1Y, K(2V,K(3)

0D 10 I=1,3

L=K(T1) _ ‘
_READ(6)  ((AR(T4J01) oAR(T 484200 od=1,4t)
"CONTINUE '
READ(6) EOF

13

9

PRINT 13, LABEL.K(!).K(Z).xcav
FORMAT(/13H DATA LABEL= ,A10,*NO. OF PTS, IN ARRAYS ARE*,3110)
NP=0 - '

CKKK=MAXO (K(11,K(2),K(3)) ’

CPRINTI (I (ARIT, Uy 1) yARIT 30,5200 ,1=1,3)4J=1,KKK)
FORMAT( 3(10X,2E12.4))

c

5

- 60

THIS IS NOT THE QRDER THAT THE POINTS WERE READ ONTO TYHE TAPE.

REWIND 6 e e
RETURN’ i

_PRINT 60, LABEL

FORMAT (A10,% TSNOT ON TAPE 6 * )

60 10 11

100 NP=999

TRETURN 7

REWIND 6

END . .
" XBL 679-4868
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T SUBROUT INE LYNLSO(X.Y,N.A.S!GMA.St.SB)- P N

DIMENSTION X(N),Y(N),A(2)

LINLSQ IS A L INEAR LEAST ‘SOARES F!T L~vJ. '
N=NUMBER OF PO!NTS.A#S ARE PARAM, - OF LINE -

(2% (2 X2

STGMA = RMS DEV. _ . L
SA=STD.DEV. OF INTERCEPT/SB=STO. DEV.. oF stops A

FN=FLOAT(N)
SUMX=0.0

SUMYSQ=0.0 -

SUMXSQ=0.0
SUMXY=0,00 _

SUMBEV=0.0
DO 10 T=1,N

SUMX=SUMX+X (1)

- XSQ=X{I)%X(1}) .

10

XY=X{T)4Y( 1)
___SUMXSQ=SUMXSQ#XSQ
TTTSUMY=SUMY+Y(T ) :
sunvsqmsqu§o+v(1)tv11)
SUMXY=SUMXY+XY
CONTINUE

Al2)= (SUNX*SUNY-FN*SUNXY)I(SUHX*SUHX-FN*SUMXSO)

AC1)=(SUMY=A{ 20 %SUMX) /FN_

" STGMAZS QRT T (SUMYS C=A (1) #SUMY= AL 2 FaSUMXY) /(RS T ,,‘“*"$

 SB=SIGMA®SORT(FN/(FN& SUMXSQ-SUMX%%21)) o o
S A= SIGMA*SQRT(SUMXSQI(FN*SUMXSQ—SUMX**?))
e RETURN R
“TTTEND ~

" SUBROUT INE TEMPERTT,KP)

_COMMON/AR/ARL 3,200,3) ;AMASS(S)

COMMON/TMM/TMM(3, 2), QCALC(3, zv'rtzoov.o(zoov L
.. DO 20 J=1,KP . o
V=AR(1,J,1121000. v -
T{J)= 32.945+Ve(12]1,88+V* (-3, 039¢v*o.094v)
TN 12T 273.2)
e AR e S Y Y= XY
2C  CONTINUE '
CALL MAXMIN(T,KP, TMAX'TMIN)
TMM(T ,1) =TMIN
. TMM(I,2)=TMAX P
RETURN R LT T
__wEND R S R S S e ST S
- - 'XBL 679-4870 - - <
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. =117~
- “APPENDIX D . .
 SYMBOLS USED v
gas density
most probable gas vel&city
) ) s N
number of molecules‘ :

number of moles

.molecular weight in grams per molecule

zero point energy of the solid

Boltzmann constant

absolute temperature

Planck constant
frequency of vibration:

partition function:

- vaporization coefficieht

mean distance between ledges

mean distance between "kinks"

lattice crystéllization energy

formation energy of a single "kink"
mean free path of an adsorbed atom

surface diffusion coefficient

activation free energy.

pressure -
equilibrium pressure

gas constant



Lo 8-

standard enthalpy offieactipn'f;

vaporizafion rate

emissivity
_thermoconductivity °
. Stefan-Boltzmann constant

' mass to charge ratio of an ion

apparent pressure.
molecular weight in grams per mole

activation energy of a reactlon

“ion current

Miller indices of a crystal face o
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in ‘this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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