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A TIME-OF-FLIGHT ATOM-PROBE FIELD-ION MICROSCOPE FOR THE STUDY
*
OF DEFECTS IN METALS

¢

by.
Thomas M. Hall, Alfred Wagner, Arnold S. Bergeri and David’N. Seidman

Cornell University, Bard Hall, .
Department of Materials Science and Engineering and the
Materials Science Center, Ithaca, New York 14853

ABSTRACT

. An ultra-high vacuum time-of-flight (TOF) atom-probe field ion microscope
(FIM) specifically designed for the study of defects in métals is described. The
variable magnification FIM image is viewed with the aid of an internal image inten-~
sification system based on a channel electron-multiplier array. The specimen is
- held in a liquid-helium-cooled gbniometer stage, and the specimen is-exchanged

by means of a high-vacuum (<107 °torr) specimen exchange device. This stage allows
the specimen to be maintained at a tip temperature anywhere in the range from 13

to 450K. Specimens can also be irradiated in-situ with any low-energy (<lkeV)

gas ion employing a specially constructed ion gun. The pulse-field evaporated

ions are detected by a Chevron ion-detector located 2.22m from the FIM specimen.
The TOF of the ions are measured by a specially constructed eight-—channel digital
timer with a resolution of Y1l0nsec. The entire process of applying the evaporation
pulse to the specimen, measuring the dc-and pulse voltages, and analyzing the TOF
data is controlled by a NOVA 1220 computer. The computer is also interfaced to a
Tektronix graphics terminal which displays the data in the form of a histogram of
the number of events versus  the mass-to-charge ratio. An extensive set of computer
programs to test and operate the atom-probe FIM have been developed. With this
‘automated system we can presently record and analyze 10 TOF sec™l. 1In the perfor-
mance tests reported here the instrument has resolved the seven stable isotopes of
molybdenum, the five stable isotopes of tungsten, and the two stable isotopes of
rhenium in a tungsten-25at.?% rhenium alloy. '
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1. INTRODUCTION
The time-of-flight (TOF) atom-probe field-ion microscope (FIM) makes
it possible to measure the mass-to-charge ratio (m/n) of an individual atom
_pulsé—field'evaporated from the surface of an FIM specimen. This instrument was
first described by Muller, Panitz and McLane(l-)

(2) ' (3)

as an extension of the FIM.

(%)

and subsequently developed by
Muller énd co-workers Several other working

Thus, it is now possible to combine

(5)

TOF atom'probe FIM's have beenlreported.
the microstructural infofmation oﬁtainable by the pulse;field evaporation
of successive atomichlayers with a simultaneous chemical analysis (on an atom-by-
atom basis) of the bulk éf an FIM specimen. This unique feature of the TOF atom-
probe FIM makes it ideally suited for the study of the interaction of sélute atoms
(both suﬁstitutional and interstitial) with latfice defects (point, line and planar).

(6,7,8) (9,}Q)

Brenner and,co—workers and also Turner and Southon and co-workers have
successfully applied the TOF atom—probé FIM to a number of materials~sgience‘probj
lems. Their work clearly demonstrates the potential of this instrumenﬁ for studjing
a wide fange of materials~science problems.
1.1 Physical principles of the TOF.atém—probe FIM‘
A highly schematic diagram iliustrating tﬁe main features of a. TOF atom-probe
FIM is shown in Fig. 1. The FIM specimen is, typically, a wire about 0.0lcm ‘in
. diameter and about 1 to 1.5cm in length. Before it is inserted into the FIM, it
is etched or electropolished to a very fiﬂe point that may have an initial rédius
of curvature (rT) of only 50 to 100A. The speéimen is maintained at a positive
" potential with respect to a grounded imaging screen. Sinée the specimen has a
very small rg, one can easily obtain a local eléctric field of k.5 fo SVA-1 with
the application of only a few thousand volts (typically in the range 5 to 20kV)
to the tip. As a'result of this high local field the imaging gas -atoms (typically
' (11) ‘

helium or neon) are field ionized'™ ' over individual protruding atoms, after each

.'gas atom has been accommodated thermally to the temperature of the FIM specimen.



The positively charged helium (or neon) ionbwhich is created by the field ionization
process.is then accelerated along[aﬁ:électric field line to the internal image |
iﬁtensifiéation syétem whérg its energy‘is‘converted in£o visible light. The
visual image‘that one observes corresponds to a point projection of tﬁe atoms on
the surface of the FIM tip. |

When the loeal eleétric field on the tip is increased bj aﬁplying a shorﬁ
high voltage pulse (25hsec duration and a few'kiloVolts in magnitude) atoms are
desorbed (sublimed) iﬁ the férm of charged-ioné by the process of field evapora-:
tion. A certain ﬁumber of the pulse field evaporated atoms wiil ha&eAtrajectories N
which take them through a smallvprdbe hole (3mm .in diameter) in the imaging sereen.
These puise field evaporated atoms travel down a flight tube to a high gain (%106)
ion detector which is 1oéated approximately 2m from the FIM specimen. The ion
detéctor produces a small voltage pulse whenever'it is struck by‘a pulée field
evaporated iqn; The time_interval between the application 6f the field evapora-
tion pulse and the voltage pulse produ¢ed by the ion detector is ﬁeasured by a

digital timer.(lz) The valite of (m/n) of the pulse field evaporéted ion is then

4 deduced by equatiﬁg the potential energy of the ion to its kinetic energy from the

. equation

1 2
neVT =5mv,

vhere n is the charge state of ion, e is the electronic charge, VT is the effective

total voltége (the sum of the steady—state imaging and pulse voltages) applied to-

the speéimen, m’is the ﬁasslof the ion, ahd v is the terminal velocity'of the ion.

The quantity v is givénbby (a/t) where 4 is the flight distance and t is the flight

time, under the assumptions that the terminai'veldcity is obtained in a time <<t."

and a distance <<d. These assumptions are vaiid for a value of dzlm, since the

ions reach their terminal velocity within a few tip radii (v300 to 1000A). The

- ratio (m/n) is then readily shown to be given by -

m. _ 2,.2
2 2eYTt /?..
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" The above relationship is basically the one used to determine the value of m/n

for each pulse field evaporated'idh. In section 3.4 it will be shown that this
relationship must be modified slightly to determine m/n to. a high degree df
accuracy.

1.2 Special featﬁres of the Cornell TOF atom-ﬁrobe FIM.

The Cornell TOF atom-probe FIM has a number of unique features whicﬁ.make:
it ideally suited for the study of materials science problems. The entire FIM
is contained in a stainless-steel ultra-high vacuum (UHV) system fo prevent the
contamination of the metal or alloy specimen being examined; The FIM épécimen
is mounted on a helium-cooled goniometer stage (consistiﬂg of'a liquid-helium
cooled cryostat plus a two-axis of tilt goniometer stage) so that ahy portion
of the sufface of the fip can be p;ojected'over the probe-hole for mass analysis.
The goniometer stage is cooled by liquid helium to improve the quality of the
FIM image and also to allow fhe investigator to change the diffusivity of point )
defects such as self-interstitial atoms (SIA's). The FIM specimen is inserted
into the.microscope via a high-vacuum specimen exchange device which makes it
- possible to change specimens without having to:bring the entire FIM up to étmos4'
pheric pressure. The specimen can alsé be irradiated in-situ with any low
energy (<lkeV) gas ion (He+, Ne+, Ar+, or Xe+) as well ag’H+. The FIM image is
viewed on the phosphor screen of an internal image intensification system~¢on;
sisting of a channel—électroanultiplier array (CEMA) and a phosphor screen.

The entire internal image intensification system can be moved relative to the
FIM speciﬁenbto vary the magnification by an areal factor of 6h;
The pulse-field evaporéted ions a£e deteéted by two'CEMA's‘arranged in the

Chevron configuration(l3). ~The TOF of up‘td eight different species pfoduced

by & single field evaporation pulsegare measured by a digital timer(ll) with a

flOnsec resolution. Since accurate and rapid measurement of the TOF of the pulée



ot

e

° .

field evaporated ions is an essential aspeét of quantitative atom-probe field-

ion microscopy3 the entire process.of applying and measuring the pulseéfield
e?aporation:voltage fo the FIMlsbécimen, measuring the dc voltage and analyzing
the TOF data.has been automated. To acéomplish this the specimen high—foltage
system and the digital timer are interféced:tO'a Nova,1220_computér which

analyzes the TOF and stores the data on magnetic tape. ‘The computer is also

.interfacéd to a Tektronix L4010 graphics display terminal which plots a histo-

gram of the number of events veréus‘m/n on :a cathode-ray tube. With this auto-
mated system it is presently possible to analyze and record 10 TOF eventsvper

second.

The principal purpose of this paper is to describe the features of the

atom-probe FIM that we have designed and built. We have included some discussion

of the reasons for several of our design decisions as well as the results of

performance tests and preliminary experiments.,.ﬁecause of the. complexity of'the
overall atom-probe éystem wé have cﬁosen toAdivide the papef up'into three main
sectionsﬂ The;first section is'concefnéd primarily ﬁith the FIM pgrtion of the

TOF atom-probe FIM such as the internal image intensification system, goniometer

_ stage, the specimen exchange device, the . - gas ion-gun, and the vacuum system.

The second section is concerned primarily with the TOF mass spectrometer portion

of the atom-probe FIM such as -the specimen voltage supplies, the'digital timer,

.and the Chevron ion-detector. The computer system which:controls the operation

of the TOF atom-probe FIM is discussed in a third section.

“An effort is being made to .increase this rate.



2.. FIELD-TON MICROSCOPE SYSTEM

This section contains a description-of those portions of the TOF etom—probe
FIM that are primarily concerned with.obtaining a visible-image_of the FIM speci-
ﬁeg. E
2.1 Internal image intensification system and focusing lens.

Figure 2 is a diagram of the TOF atom-probe FIM showing details of the
internal image intensification system, viewing mirror and Che?ron ion detector.
Note phat the tip of the FIM specimen faces a Gallileo 75mm diameter channel-
electron-multiplier array (CEMA). The internal image intensification‘system
consists of the CEMA plus a phosphor coated glass‘screen. The'screen-was'made by
first coating a glass disk with a transparent and conducting layer of tin. oxide;
then laying the disk flat'in a petri-dish containing a suspension of Sylvania P1L
phosphor powder in a dilute solution of potassium silicate. The_ﬁixture‘of phosphor
and potassium silicate was first agitated and then the phosphor was allowed te pfe—
cipitete onto the glass plate. The excess.water was drained with a syringe_énd

(1k)

then the screen was baked at 180°C for 3 hr. This process yields a uniform
screen which does not flake or peel under normal handling conditions.

The probe tube and lens arrangement shoWniin Fig. 2 was the result of
numerous trial-and-error attempts at obtaining a configuratiqnﬂthat woﬁld'efficiently
‘collect fhe pulse-field-evaporated ions and focus them onto the Chevron ion detector.
‘As indlcated in Fig. 2 the internal 1mage 1nten51f1cat10n system has a 3mm hole
through ;tslcentef. To electrostatlcally shield the ion beam from the back of the
CEMA and the frént of the screen; which are maintained at 1kV and 3kV respectively,
a grounded probe tube was inserted intotthis hole. The.probe tube~cqnsists of a
stainless steel tubé whose walls were thinned to. V25U m by electrepollshlng The

grounded stainless~steel tube is electrically insulated from the CEMA and the front

of the glass screen by a glass tube with “50um thick walls. This insulating tube
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was thinned ffom stock glass tﬁbing using hydrofluoric acid. ‘The  outer diameter
was decreased by dipping the tube ih‘the acid and the iﬁner diameter ﬁas increased
‘by squirting.thé acid through. the tﬁbé until the desired size was obtainéd. A
50um diameter stainleés steél_wire was spot-welded to the back of the probe tube
and clamped quer ténsion so that the prQbeAtubé could not move{ The back side
of thé.glass screen was given_a separatg coating of tin oxide which is elec-
trically isolated from thé thsphqr screen apd‘which'is maintained at ground
potenfial.. Thié érpunded éqating ensﬁres that the ion beanm is electroétatically
shielded from the CEMA and 3creen-pbtehtials and prevents ahy possible electro-~
sfatic chargipg 6f the glass. |

Immediately behind the image intensification system (see Fig. 2) is a '
focusing léns in the form of a étainless stgel bushing passing through a glaés
plate coated‘on both sides'with tinvoxidé. A beryllium-copper coil spring and
a small washer spot-welded onto the side of the bushiﬁg away . from the specimen
serve to keep the bushing in a fixed positién. This lens is ﬁaintained at a
voltage which is proportional to the_dc Qoltage on the épecimen. (See Section 3.1
for a description of the voltage control syétem.) The constént of proportionélity
required to focus tﬁe idns onto the Chevron ion &etéctor at the end of the flight

tube varies between 0.30 and 0.54 as the distance from the specimen to the image.

~intensification system varies between lOOmm'and_lth.
Alignment of‘thg probe hole and the. focusing lénstwere found to be quite
cpitical if the focusing lens was not to distbrt‘the'ion beém; The focusing lené
was aligned by éighting through it ‘and adjusting ifs posifion uﬁtil no eccentri-
city was visible. This procedure resulted in the formation of an image mlmm‘in

diameter on the Chevron ion detector at the downstream end of the flight tube.
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Behind the focusing lens is a front—surfaced glass mirror, placed at an
angle of 45° (see Fig. 2) with respect to the flight path, containing a 10mm
diameter hole through its center. This mirror allows the image of the specimen,
which is produced by the imege intensification system, to be viewed without
obstructing the flight peth.. The hole through the mirror is lined with a
grounded stainless steel metal sleeve.which is essential in order te prevent
‘charged particles from accumulating on the exposed glass surfaces.

The entire assembly consisting of the image intensification system,
focusing lens, and viewing mirror is attached to two UHV metal bellows arianged
so that the distance from the tip of the specimen to ﬁhe front surface of the
image intensification system is continuously variabie. When ﬁhe probe hole is
moved in ciose to the specimen a large area of the snecimen's'surface is projected
over the probe hole; convensely when the image intensification system is trans;
lated anay from fhe specimen only a few atoms are projected ever the probe hole.
Since the tip-to-image inteneification system distance‘can be veried fron 12 to\
100mm there is-.a lineal magnification cnange of NBX'and an areal magnification
change of "6lx.

2.2 Helium-cooled goniometef'stage

A liquid—helinm—cooled geniometer stage has been constructed which has
the foilowing features: (1) The specimen can ne cooied to cryogenic'temperatures
to improve the guality and resolntion of the FIM image and also.to change the
diffusivity of point defects such as self-interstitial atoms; (2) the specimen
is rotatable about two orthegonal axes which intersect et the tip of the specimen
so that a selected region of the specimen can be projected over the probe hole
fqr‘chemical anaiyeis; and (3) the geniometer stage is translatable in three
mutually orthogonal directions (x, y and z) to facilitate the alignment of the

tip with respect to both the probe hole and the low-energy gas ion-gun described

in Section 2.k4.



_thé,figure,.may be pulsed negative with respect to,the'specimen;fip?if desired.

.

A cutaway view of-thé helium-cooled goniometer stage is shown iﬁ Fig. 3.

The FIM specimen is mounted in a copper specimen holder thaf_is removed when

one specimeﬂ is‘exchanged for anothgri’ This copper,specimenkholder is threaded
into a.copber‘platé which is boited onto the back éf the upper sapphire electrical
insulator. On the top Qf this sapphire insulator is a copper plate iﬁto which
are clampédAZE-strands.of O.3mm diameter pﬁre gold wire. The upper'end of fhis

inner cboling_braid‘is clamped to the lower end of the cold finger.

(15)

‘The cold finger, which is similar to one described by Seidman et-al. , is

shown 'in Fig. 4. The design incorporates what are<essentially two heat exchangers.

"At the bottom of the céld finger is a holldw copper rod with a bored hole that

serves as‘a liquid helium reservoilr. The walls of thislrod are gxtended upward
50mm afound the outer vacuum . jacket of the liquid.helium tfansfer-fube. The cold
exhaust gas‘frém the boiling.liquid helium‘is forced betwéeh the &acuum jgcket
aﬁd the copper tube,and‘consequentiy cools the copper bottom of the cold finger.

This feature was found to be crucial in the initial cool. down when most of the liquid

- helium boils before reaching the énd of the cold finger and all cooling is performed

by the~cold helium gas.

 Approximately lSOmmvfrom the bottom of the cold}finger is a second copper

tube; V100mm long, surrounding the vacuum jacket of the transfer tube. This tube

servés as a heat exchanger. for cooling the radiation‘éhields which‘surround the
cold finger.‘ Thé lower end of the radiation shield is connected b& a flexible.
gold braid to .the radiation shield surrou#ding the gonioﬁeter stage. - |

‘The uppér sapphire electrical insulator of the'goniqmefer stage_is;thermally
isolated from the ldwer part of the cryostat by a 12mm diameter stainless steel

tube with a 50um wall as shown in Fig. 3.  Beneath this is the'loﬁer sapphire -

Aelectrical'insulaﬁor (similar to the upper sapphife_insulator) which is intendedi

to. support an optional high-voltage pulse ring. . This ring, which is not shown in

(6)



Iﬁ assembling the cryostat SQumlfhick gold gaskets.were inserted between all
clgmped heat conducting surfaces, such as the copper clamp plate on top ofAthe
upper sapphire electrical insulator.

To test the cooling ability of the helium cooled goniometer stage an
additional platinum—resistance’thermoﬁeter»(PRT) was temporarilly mounted on
the top of the upper sapphire block in the cryostat (see Fig. 3); In addition,
iron-constantan thermocouples were attached to the copper specimen holder and
the outer radiatioh shield. The results of these tests showed that the specimén
is cooled to 18K within V20 min. and to 13K within l hour. The thermal gradient
across the gold braid was between 7 and 12K and w1th1n the accuracy of the measure-
ments the specimen( 15) was at the same‘temperature as the bottom end of the braid.
The outer radiation shield was found to cool more slowly than the inner specimen
support, but reached lOOK within approximately an hour. The excellent performance
of the goniométer stagevis attributablé to the small size Qf the crydstat, the rad-
iation shields, and the dimensions and shape of the liquid helium cold-finger.

The goniometer supporting the cryostat was adapted‘from plans kindly and gen-
erously éupplied by Dr. S.S. Brenner of U.S. Steel Corporation. This goniometer
provides the rotation about two orthogonal axes while méintaining UHV conditions
by.the use of two linear-motion stainless steel UHV bellows seals. As shown in
Fig. 3, the entire cryostat is sﬁpported on an arm at the end of a hollow rotating
tube. This tube-arm assembly is rotated about a horizontal axis by a bell crank
coupled Fo the inside of one of the bellows seals. Tﬁe outside of this béllows“
seal is moved in and out by a crank and lead screvw threéded through a fixed plate.

Motlon about the vertical axis is provided for by.a bearing at the lower‘
end of the support arm. The lower cryostat support shaft, which passes through
fhis beafing, is turned by a crank-that is linked to the inner sliding shaft that

passes through the outer rotating tube. This shaft is coupled to the inside of a
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" second Bellows assembly. The portion'of the goniometer-l~ external to fhe FIM is
mounted on three machinist's slides and is connected to the vacuuﬁ system through
a bellowé seal so that‘it can be translated in three mutually orthdgonal directions
to facilitate alignmént.

The goniometéf stage has been found to provide precise and feproducible
rotation 6f the specimenvand allows ﬁsAto project any portion of the speéimen'é
surface éver thé probe hole in the internal imége-intensification systém. Due .
to thé cbmpact.design Qf the goniometer stage thevlaﬁeral positiqn of the tip
varies‘by less than lmm when the tié‘is fotaﬁed through its full arc. The X, y
and z motion, prpvided By the three external orthogonal machinist's slides, is
found to‘be ugeful for initial alignmént of the .TOF atom-probe FIM and.forjmaking
small corfectiohs to the alignment during an experimental run. |

2.3 Low-energy gas ion gun
(16)

"A simple low-energy gas ion-gun has been constructed to enable us to
irradiate FIM specimens'igrsitu. A schematic diagram of the ion gun is shown -
in Fig. 5. A gas such as hydrogen, helium, neon, or xenon is bled into the ion

b to 10—5

gun through a Varian leak valve to a pressure of 10 torr. The gas atoms

. are ionized by electrons which are thermiqnically emitted from a resistively-
heated tungsten filament maintained at -30 to -LOVdc (see Figs. S‘aﬁd 6). Thg
cylindrically shaped plasma chamber is loéated.in the center of 'a solenoid whiéh
produces a magnetic field of a few hundred gaﬁss. The ions are.extracted from

the plasma chamber with the aid of a coniéglly—shaped eﬁtraction lens that operates
at -200Vdc and fheﬁlthe ions(are fbéused with a cylindrically;shaped lens that is

operated at -TO0Vdc. The gas ions are then deaccelerated éhd‘simultaneously E

focused onto the FIM speciméh which in this illustrative example is maintained

t (6)

See Fig. 3-inABrenner and McKinney's article.
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at -360Vdc. The pofential diaggém és a.functign of distance is shown in Fig. 6.

| The,low—eneréy ions will be used to produce a éea of selféiﬁterstitial
" atoms (SIA's) by the foéused feplacement collision sequence mechanism (RCS).(lT)
As a result of the RCS evénts'the immobile vacancies remain at the irradiated
éurface and the SIA's are injegted.into the bulk of the FIM specimen. It is the
only presently known mechanisﬁ capable of produéing isolated self-interstitial
atoms; The ion-gun can also be used to implant gas atoms such és hydrogen in the
t;p'of the fIM specimen.
2.4 Ultra-high vacuum system

The use of an ultra-high vacuum system minimizes the interaction of reéidual

gas atoms with the FIM Speéimen in two imporﬁanﬁ ways. First, it reduces the
number of peaks.obsefved in the m/n spectra because the absolute number of metal
atom-gas. atom complexes-is décreased. Second, it reduces the concentratibn‘of
artifact contrast effects which dre produced as a result of impurity gas atom-

(18) and SIA's(lg));

surface atom interactions (edg;,‘értifaétivacancies' This
second point is important for our research, since it is intended to study the
interaction of_both substitutional and interstitial atoms wifh point defects.
With the above information in mind a UHV atom-probe FIM was constructed.

A schematic diagram of thé vacuum system is shown in Fig. 7. The stain-
less steel main chémber is cénnected directly to a Varian 916-0014 titanium
sublimation pump (TSP) and subsequently througﬁ a L4 inch diaméter right—angle
valve to é Varian 912-7000 lhoﬂsec_l Vac—ion;pump. The vaéuUm chamber is rough
pumped by two Varian sorption pumps. The use of the TSP, ion puﬁp apd sorption
pumps maintain ultraclean conditions ana avoias contamination with_pump oilﬂ
The sorption pﬁmps are connégted throuéh the specimen exchange port so that_they
can be.used either for rough pumping the main chamber or for rougﬁ pumpiﬁé the

specimen exchange air lock to be described in more detail in the following

section. A.small TSP and a Varian 20£se¢_l triode ion pump are also connected.
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to the specimen—exchange.air lock. 1In éddition a 2 inch.diamefer Consolidated
Vacuum COrpération diffusion pump, filled with ﬁCYOS, trapped with a Granville-
Phillips liquid-nitrogen cold-trap, and backed by an Alcatel Z2007 direct drive
pump, is connected to the main ghamber Sy'a 1% inch diameter. UHV valve. The.
0il diffusion pump is used to pump the‘main chamber when.the atom—prdbe FIM confains
an imaging gas (either helium'ér neon), sincé the ion pumps and TSP's cannot be
ﬁsed for this éurpose. At all other times the diffusion pumbs are valved off to
prevent possible backstreaminé of oil into the vacuum system. .
| The internal image intensification system containing the prébe—tube and the

y5° vie&ing mirror are mounted on a mo&eablé séction which is connected té the
fixed portions of the vaéuum systeﬁ by two 60190-5 bellows seals ménufactured by
the Métal‘Beilows Corpofation. |

The flight tube is isolated frbm the main chamber by an UHV straight-through
valve and it has its separate vacuum syétem consisting of a sorption pump and
a liquid-nitrogen trapped oil-diffusion pump. ThisAarrahgement allows a vaéuum
to be maintained‘in the ion detector séctiqn even when the main chamber is not
under vacuum and also provides the possibility of differentially pumping fhe
fiight tubé to reduce the partial pressure of helium imaging gas in the flight tube.

As shown in Fig. T most of the'vacuﬁm equipment is inside the electrically
heated bake-out oven (indicated.b&7the dotted line) so that adsorbed ga;es can -
be baked off the_inner.suffaces of the atom-probe FIM to lower(the‘ultimafe pres-
sure obtained. The.sérption pumps; oil-diffusion pumps , and_cold‘traps not insidé
the béke—out oven are all baked uéing separate heéting mantles. -

The entire vacuum system was initially.carefully cleaned with tri-chlor-

ethylene and ethanol using an ultrasonic cleaner for theAsmallér pieces and
mechanical scrubbing to the larger components. 'Ultﬁnaté pressures of»hxlo-lotorr

‘are obtained éfter baking to'lSOQC for several hours, while under typical operating

9

conditions the pressure is 1x10 “torr. The pressure above the cold trap on the
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main chamber diffusion pump is 1ess'than'5xloflotorr. Thus, the performance of

the atom-probe FIM vacuum system is satisfactory for studying defect-impurity

" atom interactions.

2.5 Specimén-exchange device

A novel specimen exchange device was inéérporated into the design of the
goniometer stage to allow the FIM specimen to be replaced without breaking the_
vacuum in the main chamber. The essential features of this device are shown in
éig. 8. The copper specimen holder is attached to the end of a lm long, 9.5mm
diaméter'specimen—exchange rod with a bayonetetype clip. The copper specimenA
holder is surrounded by a retractable protection shield which sefves as an align-
ment guide when screwing the specimen holder into the goniometer sfage. The
specimen exchange rod passes.through a Vacuum Research Corporation S 102 "Wilson

type -sliding motion feedthrough that is sealed with two viton gaskets which

.are lubricated with Apezon L vacuum grease. The specimen exchange rod passes

through a Varian UHV straight-through valve which seals the main chamber until
the air lock has been evacuated. The air lock is rough pumped using the two
Varian .Vacsorb pumps in sequence; and is then evacuated further by the small’

TSP and the Varian 20(’,s,ec-l triode pump. = The specimén~éxchangeAdevice eliminates

the long pump-down period that isvrequired if the main chamber is brought back to

atmospheric pressure. The pressure in the air lock is reduced to 10-6torr before

the exchange takes place and the pressure in the main chamber remains below lO_Ttorr

during the exchange and drops toA3xlO—9

torr within 15 min, after the exchdnge. In
conclusion use of the specimen exchange device has reduced the time required for

specimen replacement to less than 1 hr.
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3. TIME-OF-FLIGHT MASS SPECTROMETER
This section contains a description of those parts of the TOF atom-probe -
FIM that are primarily coacerned with determining the (m/n) ratios of the pulseF

field evaporated metal ions. We will first describe the general features of the

TOF mass spectrometer and then will describe some details of the most important

subsystems; namely, the specimen voltage system,.the chevron ion'detector, aﬁd the
digital timer. The calibration procedure for the TOF atomeprobe FIM is also
discussed. The computerized control aystem is descfibed only to the extent oeces—
sary for understanding the operation of the mass spectrometer;'since a detailed'
description of‘the computer system. is given in Section h.

Figure.9 shows a block diagra@ of the TOF mass spectrometer;_ The FIM
specimen .is connected to a high voltage dc poﬁet'supply and is maintained at a
positive voltage sufficient to field ionize the helium or neon imaginglgas atoms,
and thus produce.an image of the FIM specimeh, but at a voltage'below.that required
to field evaporate the metal atoms. A higﬁ'voltage pulse, triggered by tHe com—-
puter, -is added to the constact dc voltage and momentarily raises the voltage
on the'specimen to a value sufficient to pulse field evaporate a few atoms.
The.controls of the dc¢ and pulse high voltage power supplies‘ae'well as the power
supply for the electrostatic lens ate‘mechanically ganged together as shown in
Fig. 9, so that the pulse and lens voltages are maintained at a fixed fraction
of the de voltage.. The advantagee ofAhaving the pulse voltage track the dec
toltage‘are discussed in Section B.h on‘calibration of the TOF mass spectrometer.l
The outputs of the hiéh voltage power supplies are measured by the analoé—to—digital
(A/D) converter and input~to the computer whenever a TOFlmeasurement is made. A

small fraction of the high voltage pulse is picked off and fed to'a_discriminator

which starts the digital timer and also triggers a gate generator. The voltage

pulse ?roduced when an ion reaches'the Chevron ion detector is amplified, delayed

500nsec, and then fed to the stop discriminator. The stop discriminator is gated
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by the gate generator which.is t&picaily set to open 600nsec after the start
pulse. Delaying the stép pulses and gating the stop discriminator ensurés that
any interference from the High-voltage pulse will not improperly trigger the stop
discriminatof and that only tfue events will be detected. A total of-eight con-
secutive stop .signals can be_analyzed and thus eight ion.species'can be identified.
The TOF data is. stored in binar&—cbded-decimal (BCD) format within the timer

untii the computer is réady to read the TOF data. The computer calculates m/n
.using fhe TOF and voltage data from the equation

| (t-to)2

d2 i

)

§'= 2e (Vdc Ta Vpulée
where a is the pulse factor, t is the measured TOF, and ﬁd is the total-delay
time. ,The nature of the quantities a, to’ and 4, ﬁhich.are called the calibration
parameters, is discussed in more detail in Section 3.k.

. After the m/n ratios are computed they are sfored in theAcomputer memory
in the form of a histogram'whiéh is theinumber of events versus (m/n). In addition,
the raw data'consisting éf the TOK and the voltages are stored oh a gagnétic
cassette tape so that the resulté of the run can be reanalyzed in the future.
fhe computer‘is interfaced to a Tektronix 4010 graphics display terminal and a
Tektronix 4610 hard-éopy‘unit, so that the histogram of (m/ﬂ) can be displayed
graphically and a permaﬁent record can be obtained in less than a minute. In
the folléwing subsectioﬁs the specimen voitage system, the Chevron ion detector;
and the digital timer will Be described in detéil. Since the large number of
interacting systems in the TOF atom-probe FIM are principally under the control
.of the cémputer during 6peration, we have made itléur policy to thoroughly test
- the performance of each portion’of the‘TOF atom—pfobe'FIM, so that we.céﬁuhave
absolute confidenéé in the data acéumulated during experimental runs. We have

included some of the results oftheseperformance'tests in the following discussion.



3.1. Specimen voltage system

This section contains a descriptioh of the dc and pulse high-voltage ﬁower
supplies, the high—voltage pulser, and the high-voltage measuring—system.' Désign
of this system was found to be critical to the overall performance of the TOF -
mass spectroﬁetgr. As shown iﬁ Fig. 9 the FIM specimen is connected throuéh a
lbOMQ pulse-blocking resistor to a Spellman RHR 3OPN30* high voltage positive
power supply. A 20nSec.long high voltage pulse with a rise time of <lnsec
produced by a Cayuga Associatés CA-lOl.mercury—relay charging line pulser is
coubled to the FIM specimen through é h.TnF,30kV-cépacitor. A Spellman RHR
10PN100 high-voltage dc.power'sgppiy is used to provide the high voltage to the
pulser. The'output Qf theiéharginé—line pulser is approximately half of the
subply voltage.

As shown in Fig. 10 the contfols of fhe high voltage dc and pulse power
supplies as well as the'lgné,power sﬁpply afe coupled together so th#t the pulée
and lens voltages are always a constant fraction of the dc voltage.. The 5k
ten-turn potentiometef iﬁ the dec powér'sﬁpply control circuit and the 10k§) ten-
turn potentiometers in the pulse and lens power supply control circuits are
mechanically gauged together so that they track within 0.05%. The two 1k
potentiometers in the pulse and lens supply circuits control the puiseband lens
fraction; respectively..  The 2.5k resistor in the dc supply'circuit,ana the SQQQ
resiétor in the leﬁs supﬁly circuit are included to limit the range of these two.
supplies-to 20kV maiimum. The lOOQ‘resistor in‘the common returﬁ line of the‘dc
supply circuit was introduced to allow the‘zero'points of fhe pulse and:dc supplies
to be adjusted for optimum linearity. Typically the pulse volﬁage is maintained -

at b to 20% of V, and the lens is maintained at 30 - 50% of LA Below

This has recently been replacéd by a CPS 110R power supply.
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approximately 4% of Vdc the charging line pulser behaves erratically and the con-
tinuous de-field-evaporation -rate becomes comparable to the pulse-field-evaporation

rate. Above 20% of V., the increased spread in the energy of the field-evaporated

de

ions degrades the mass resolution of the spectrometer.

The values of Vdc and Vpulse are measured. employing an Analogic 5800 series,

© 13 bit, 16 channel A/D convertér which consists of a multiplexer module with 16

differential inputs, a sample and.hold module, and a 13 bit A/D'qonverter module.
The input channel is computer selected and analog inputé of 0t 10V are converted
in V100usec to a 13 bit binary number. . The first bit represents the sigﬁ and the
rémaining 12 bits represent the magnitude, hence the resolution is 1 part in L096.
The outputs of the high voltage power supplies are reduced by precision vol-~
tage dividers to bring these voltages within the 10V maximum range of the A/D con-
verter. The dc voltage divider (shown in Fig. 11) contains two voltage division
stages. The first stage, which consists of one—hundred—sixteeh 0.825MQ half-watt
metal film resistors(2o) in series with a single 0.825MQ resistor of the same type,
is encapsulated in Dow Corning Sylgard 18L4 resin to prevent high voltage breakdown.
The second stage consists of itwo l.SMQ_half—watt metal film resistors in éeries
with 0.233M{2. Since the first stage waS'cbnstructed from 117 identical resistors,
variations of reéistance with either voltage or temperature do not affect the vol-
tage division ratio of this stage. The use of identical resistors iﬁ the second
étage was found to be unnecessary? ‘Electfical noise wés reduced below the resoiu-
tion of the A/D converter by'connecting both the power supply chassis ground and the
A/D converter analog ground to a grounded water pipe. Tﬁe pulse-voltage divider
consists of fifty 1.5MQ half-watt metal film resistérs‘iﬁ series with a 0.075MQ
metal film.resistor. This simpler arrangement was fouﬁd to be adequate fqr the’pulse
voltage measurement because the pulse vbltage is typically £2kV. The high input
impedances (3,75MQ) of the voltage dividers minimizes heating and the use of metal

film resistors ‘contributes to the stabilify of the dividers.
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- The high-voltage power-supplies, the vbltage dividers, and the A/D converter
were tested by monitoring the measured Voltage on £he computer and comparing it

with the known voltage obtained using‘a high;précision Hewlett-Packardb3h39A



—iB-

digital volt meter. These tests indicated that the voltages are known to within
5 volts which corfesponds to one bit in the A/D converter. In adéition, the
stability of the power suppliesT.Was tested by programming thelcomputer to detect
any changes in the output voltages. These‘tests indicated that the voltages are
stable to within 5 volts over periods of severallhours.

The shape of the,high-voltaée pulse was measured employing a Tektronix 7904
.oscilliscope with a 7S11 sampling plug-in unit and an S—é sampling head. Both
a P6056 10x passive probe (with an input impedance of 5000 and a fise‘time of
O.lOnsec) and a P6057 100x passive probe (with an input impedance of 5k and a
rise time of 0.25nsec) were connected to the point at which the specimen is normally
attacﬁed. |

Typical pulse shapes are shown in Fig. 12.. Figufe 12(a) is a sketch 6f the
overall pulse shape showing the large initial peak which is probably caused by
réflections from the unterminated specimen. Figures 10(b), (c), and (4) représent
aptual oscilliscope traces of the ﬁop of the initial peak. . Figure 10(b) was
recorded with the 10x probe conneeted directly to the specimen holder. Figure
10(c) was recorded with the 100x probe connected directly to the specimen while
Fig.(lo(d) was recorded with the probe connected to the specimen By a 2cm .wire.
The risé time of thé leading edge is observed fo be nearly equal to the inherent
rise time of the probe and sampling head (O;SSnéeg) indicating that the pulse rise
time i; S0.2nsec. Although the maximum heiéht of the first peak was fouﬁd to be
sensitiveltO‘the position of the probe, the overall features of the pulse shape
remained the same as can be seen from a comparison of Figs. 12(b), (c¢) and (d).
3.2 Chevron ion detector

In the TOF atom-probe FIM the pulse-field evaporated ions are detected at -

+, Some long ‘term stability problems were encountered with the Spellman 30kV power
supply, which has recently been replaced by a CPS 100R power supply.



channels is radically reduced.
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the downstream end of the flight tube by a fast electron multiplier. A large

number of electron multipliers such as the curved channel electron multiplierszl)
‘ . (22) . C (21,23) : v
Johnston detector, magnetic strip detector and channel-electron multiplier-

arraj (CEMA)(13) have been used in atbm—préberFIMﬁs. We have chosen to use CEMA's
(in the Chevrén qonfigurapion) beéaﬁse they have particle detection characteristics
whicﬁ aré”as good as (or better than) any other detector and they also produce
alvisible ion.image which is extremely usefui'for the alignment and fogusing of
the TOF spectrometerf | |

vaﬁ 25mm diameter CEMA's are used in the Chevrén configuration(see Fig. 9).
The 37.5um diameter channeis in the first CEMA aré at an angle of 5° with resﬁect
to the normal to the front surface éf the CEMA to prevent secondary ionvfeédback_
through both CEMA's.. The value of the voltage applied to each of the two CEMA's
can be varied. This was done because it has been shown that by makiﬁg the voltage
on the first. CEMA 60% of the total voltage across both CEMA's that the number

of after—pulsés produced by positive ions being accelerated back through the
| (21) -

Behind the two CEMA's is a 25mm diameter phosphor screén which was prepared

in the same way as the viewing screen described in Section 2.1. This viewing

screen is capacitively'coupled tb a Lecroy Research System (LRS) 133B dual amplifier

which is operated at a gain of 25. "The output of the amplifier is delayed 500nsec

(by v150m of RG 58’cab1e)'and then triggers one channel of an LRS 161 discriminétor::

which stbps the digital timer.

Two types of tests were performed on the Chevron ion detector to determine

- the frequency of spurious pulses. The first test was a measurement of the back-

ground count rate and the second test was a measurement of the frequency of arti-
fact pulses following the true pulse. The Chevron ion detector must be well

characterized with respect to spurious pulses if small concentrations (e.g.) in

~ the lo-sat.fr. of lower raﬁge) of'impurity atoms are to be reliably measured.
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Background céunts froﬁ the Chevron ion detector are produced both by
spontaneous‘emission within the CEMA's and by ionization of residuval gases at the
FIM tip. With the tip voltage off, a total voltage across both CEMA's of 1850V,
and with 50% of the voltage across the front CEMA the dark current due to spon-
taneous emission was found to be 1 count sec_l. Alternatively with the specimen
voltage on, at a background préSsure ofihxlo_lotorf, the count rate rises to
%lo.countvsec_l. These counts are attributed to field ionization of the residual
gases in the FIM. For example, whén the FIM is back-filled with helium to hxlO"6

5

torr the ion_count rate is‘NlO count sec—l. Thus at a pressure of hklo_lotorr

a background count rate of “10 count s.ec_l woﬁld be expected in agreement with the
observations. Since the digital timer has a maximum range of 100usec the time
window of the TOF mass spectrometer is open for N lo—hsec. Thus, a backgréund-
count rate oi“lOé;ec_l will-lead to a’background'of l:-lO3 over the whole spectrum
of m/n from O to 200 &amu and a background of l:2xlO5 per amu. Hence, impurity
atoms in.the 10appm range can be detectéd if more thaﬁ 1 or 2 ions are observed.

Artifact pulses.following the true pulse are caused by ringing in thé de-
tector circuits and by after—pulsés produced when secondary jons are back scattered
through the channels of the CEMA's. To test for ringing the output of the detector
was observed on a Tektronix 7904 oscilliscopé with a TALl plug-in.unit. Some
ringing ﬁas observed, but it decayed within 50nsec. Thus, it was pogsible to
eliminate any effects of ringing ﬁy incréasing the width of the discriminatbr
output pulse to 250nsec. )

To test for after-pulses the digital timer was employed. The output of the
discriminator connected ﬁobthe Chevron ion detector was fed to both the stéft and
stop inputs of the digiial timer. Thus, the digital timer would start on the
first random pulse received and would stop either on another random pulse or. on

7

an after-pulse if either were occurring. At a pressure of 10" 'torr helium gas in

the FIM the count rate was 1400 count sec—l. ‘Siﬁce the timer was set to record all
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evénts océurriﬁg-within 10usec after an event, ohé would-expect b.élH random-
counts for each true count. The obsefved fraction was 0.018 * 0.002 which
indicates that the frequency of afterpulses is‘%O.bOh ¥ 0.00?. |

B To examine the effect of the gas pfeséuré on the occurence of afterpulses
the ga; preséure was raised to 2xlO—6torr helium, but thé beam was deflected slight—
ly so that the total count rate was constant at 1400 éec-l. The observed-fraé—
tion of‘randbm pulseé was 0.016 * 0.002 which indicates that the fraction of
afterpulses is ®N0.002 * 0.0027 Thus ihcreasing theAgaé pressure did‘not inc}ease
the occurence of after-pulses, and we cén cbnclude that under nérmal opérating'
conditions the occurence Qf afterpulses'is negligible.'
3;3 Digital timer

| The digital timer which measures the TOF of the-pulsé—field evaporated ions
is the key electronic instrument in the TOF mass épectrometer. There are
basically three types of timefs that could have been used ﬁith the atom-probe
FIM. | |

(24)

The most commonly used timer is a fast bscilliscope or a storage.‘

oscilliscﬁpe.(6) ThéAoscilliscope has the:advanﬁages.that it is siﬁple'and

' relatively inexpgnsiVe and is capable of a high precision over a limited time
range. For example, u;ing the delayed sweep a short time interval can be _. |
expanded to obtain a timg re;olution of ¥ lnsec over a 100nsec rénge whiéh,

might corréspond for tjpicél conditions to £ 0.03amu ovérba 3amu féngea The
‘disadvantages of the oséilliscope are twofold. AFirst, eacﬁ event must be analyzed
individually by éxamining photographs of the oscilliscope fraces. Second; although
the'oscillisc&pe is very preéise over'short intervals the absolute accuracy over
'longef intervals is not as good because of the ngnlinearity of the sweep dela&ing

‘eircuit. Moreover, since only part of the m/n spectrum can be examined at one "

time, events outside that region are ﬁever detected. -
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The second timing instrument that could be used is a time—to-amplitude

(25)

converter (TAC). In this instrument a constant current source sfartsj
chargihg a capacitor when the START pulse is. received and stoés cﬁarging it when
a STOP pulse is received. Thus, tﬁe voltage across the capacitor is .proportional
fo the time interval between the start and stop signals. The TAC has the.advah-
tage thaﬁ the measured times can be digitized and therefore autoﬁatically analyzed.
‘In terms of time resolution it.has the same advantages and disadvantages as the
oscilliscope. It can provide a high resolution over a limitedctimeAinterval'
(thpaec over 50nsec range), but.over longer time ingervals'the accuracy 1is
limited by a non-linearity of n0.1%.
The third timing inatrument, and the one which we have chosen to’use'with
our computer—oberated atom-probe FIM, is the digitalvtimer.(lz) Iﬁ operation,
a high precision osc111ator produces clock pulses. with a precisely known perlod
Digital circuits count the number of clock pulses occarrlng between the start
and stop signals whose time interval is to be measured. The advantages of the
digital timer are that the output is directly compatible with a computer and that
the accuraéy over iong time intervals is excellent. The. principal disadvantage
is ﬁhat.the resolution is limitéd to 1 clock period. Since digital counters
with a bandwidth much above 100MHz are difficult to construct, time resolution is
asually limited to * 1Onsec.
| The digital timer ﬁhat we have constructed(lg) can measure the TOF of up
to eight consecutive ions and can also measure a TOF as large as 99.9§use¢ with
an accuracy of £ 0.0lusec. A greatly simplified schematic diagram of this inatru—
ment is shown in Fig. 13. The- START signal,,derived,froﬁ the,high voltage pulse
applied to the Speciﬁen is fed to the AND gate input of CLOCK—IN on the START
SYNCHRONIZER FLIP—FLOP. The other input of this AND gaﬁe is supplied Qitﬁ CLOCk

pulses from the 100 MHz oscillator. The TRUE OUTPUT opens the CLOCK AND GATE

thus allowing CLOCK pulses to pass through to the»eight counters. Using this
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arrangement, a START signal ceuses the OUTPUT,of the‘START FLIP-FLOP to switch

to the TRUE or ;l state synchronously:with the CLOCK fhus ensuring that the

amplitude and width of the first CLOCK to the eight counters is identical to all

| subsequent clock pulses, sO. that all eight counters will detect the flrst CLOCK pulse.

The STOP signal is synchronlzed in a similar way so that the OUTPUT of the
STOP SYNCHRONIZER FLIP—FLOP switches to the TRUE state synchronously with the‘CLOCK.
The OUTPUT signal is'delayed by .O2usee and fed iuto the RESET input of the STOP
".SYNCHRONIZER FLIP-FLOP which,céuses the OUTPUT to switch FALSE. Thus, a‘STOP
sigual causes a puise of apprexiamtely .O2usec duration which is synchronous with
- the CLOCK, to be produced at the OUTPUT of the STOP SYNCHRONIZER FLIP—FLOP This
_8TOP OUTPUT pulse is fed to CLOCK—IN of the STOP-LOGIC FLIP-FLOP CHAIN.

The STOP-LOGIC FLIP—FLOPS, which have»the property that the OUTPUT is
switched to the value present at DATA-IN wheueuer a ﬁulseuis:applied to CLOCK-IN,
are interconnected so that-eech FLIP-FLOP is triggered iu sequence when a STOP
signal is received;‘ This is accomplished by connecting DATA-IN of each FLIP-FLOP
to the OUTPUT of thekpreceeaing FLIP-FLOP. Thus, when the first stop signal is
received, only the first FLIP-FLOP will ehange state,.since-its DATA-IN input is
always equal to O or FALSE. None of the succeeding FLIP-FLOPS will be triggered,
however, since their DATA-IN inputs are connected to the OUTPUTS, all of which are
initiall& TRUE. When the second STOP signél is received the second FLIP-FLOP will
be triggered since the OUTPUT of the first FLIP—FLOPAis now FALSE. Since the
_ OUTPUTS of each of tﬁe STOP-LOGIC FLIP-FLOPS is connected to one of the inputs
of each of the eiéht.STOP AND GATES of the corresponding COUNTER-CHAIN, the’
cpunters are-stopped in sequence assthe STOP signals are received. Since the
STOP—LOGIC FLIP-FLOPS change state in synchronization wifh the CLOCK, the STOP
AND GATES are closed sychronously with'the CLOCK.j Thus, the last‘CLOCK pulse to

each of the COUNTER—CHAINS_is identical to all preceeding CLOCK pulses. The TOF
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are read into the computer and following this a RESET pulse.is sent out which

returns all qf the FLIP—FLOPSWto'thg un?riggered state, and also resété all.the
COUNTERS to zero in preparatioﬁ for the next measurement.

}.The_digital-timer was tesfedAby.injecﬁing pulseé %ith>known relative delays
into the stapt and stop inputs. The computer was programmed to read -in the
mgasured times and test them for ény variétion. The.results of this te§t were
‘that tﬁe timer performed >106 simﬁlated measuréments without anAerror; indicating
Athat_the times measufed during experiﬁents'can be treated with confidepce. ’Thé

i

synchronization of the starting and étopping of the counting chains with the 100 MHz

CLOCK was found to be essential to realize the theoretical time resolution of +10nsec. -

Test -conducted with asynchronous START and STOP signals indicated errors in time
measurements as large as +TOnsec in up to 5% of the cases.
3.4 Calibration of the TOF atom-probe FIM

As stated previously, theAm/n values are cdmpﬁted from the measured TOF, Vdc’

(27)

and V using the equation

pulse

. : P

m _ (-t )

n - 2® (Vdc_+ o Vpulse).i-—'——g—)—-’
d2
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where m/n is in amu, V. and V are in Volts, t and t_ are in usec, d is in
dc pulse o : o

mm and o is the dimensionless pulse-factor. For this choice of units the constant

2e is equal to;l93.0. The value of V " is taken to be one-half of the dc

pulse

voltage~applied to the~charging¥line pulser.  The quantity o is required because

the peak pulse voltage reaching the tip is not equal to V Thié discrepancy .

pulse’
is caused by inaccuracy in the charging line pﬁlser, impedance variations.along
the pulse line, and reflections at thé unterminated specimen. .The quantity to
is fequired beqause of\fhe 500nsec delay time which was intentionally ihserted
betweeﬁ the'amp}ifier and the stop discriminator and becéuse éf |

other smaller time shifté occurring in the electronic apparatus. The length d

denotes the flight path determined by Calibrafing the instrument for known m/n

ratios. -This flight length, d, is used, rather than the physical length of the

flight tube, since they are not népessarily equivalent distances. For example,
the actual ion trajectory ié affected'by thé'focusing lens, the earth's magnetic

field, and stray electrical and magnetic fields. In general, the TOF atom-

. probe FIM must be calibrated using ions with known values.of (m/n), before

unknown (m/n)'s can be identified. . Since there has been some uncertainty in the
past concerning the best method of calibration, we will describe in detail the
two methods that we have used. -

The first method tried was similar to the first of two methods described

(27)

by Panitz, McLane, and Miller. It involves a systematic determination of the

calibration parameters o, to, and d using the TOF of two species of ions with

)

known m/n. The value of to'is determined first. If (m/n)l and (m/n)2 are the

known (m/n)'ratios and tl and t2 are the corresponding observed TOF of the two

species, the quantity td is readiiy shown to be

- 1/2 ' 1/2
(m/n)2 1 (m/n_)2 B
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186W+3) and (

Thus, for example, for (m/n)l;6éamu ( m/n)2=hamu (He+) the values

of t, and t, are observed to be tl=lh.l7usec and t2=h.02usec. Herice, we obtain

. t ”O 56usec The determination of t is most sensitive to the measured.TOF of

the lighter ion since this is weighted by the factor [(m/n) /(m/n) ] 1/2 which

is 3,9 for the example given here. To obtain the pulse factor, TOF measurements

are made with two different sets of pulse and dc voltages. If tl is the TOF

)

). and (Vdc 1

pulse’l

is the TOF for the same isotope when the voltages are -

for a given isotope when the pulse and dc voltages are (v

respectively, while t2

(Vpulse)2 and (Vdc)2 , the quantity o can be shown to be given by
2 2
o - (Vae)p (580" - (ge)y (%))
2 2
(Vpulse)l (tl—to) - (Vpulse)2'(t2—to) :

For typical experimental conditions we found 0=1.5%0.5. Since o and to are now

known we can obtain 4 simply by solving the equation for m/n to obtain

a= (t—to) v 193.0 x (Vdé + 0 vpulse) . (n/m)

+
Thus, for examnle if V =8,000V, Vp lse:hoov, t=lh.l8usec and m/n=62amu (W 3)’

we obtain d=2228mm, As mentioned thié method is similar to the one described

by Panitz, McLane, and Mﬁller.(27) The principal difference is the order in
which the parameteré are obtainea. Their method has the advantage.that the

pulse factor o can be obtained without varying the voltage. The method described
here has the édvantage that)t is essentlally determined by the p031t10n of the
He+ peak, and is therefore accurately known. Both methods suffer from the fact
thét in practice it is difficult to determine the pulse factor o with‘Sufficient
precision~to prevent broadening individual peaké in the m/n speétra. kTo

eliminate the problem of determlnlng 0 we have developed a new method of callbratlng

our TOF atom—probe FIM. Ths basis of our precedure is to make VDulse a constant
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de

vpulse =f Vdc’

where f is a 'constant. This is accomplished by mechanically coupling the
potentiometers controlling the dc and pulse power_supblies. The equation for

m/n is now rewritten as ‘
2
2e(l+af)Vdc(t—to)

d2

‘m _
.n

The lumped parameter (l+af)/d2 is considered to be simply one adjustable parameter.
This reduces the problem of calibration to‘finding only two parameters, to and
is given by .

the effective length (d_,..), where.d’ef

eff f
a = d/(1+af)1/2
eff - ?
so that the-equation for m/n reduces to -
m _ 2e 2‘
n e Vac (t_to) :
eff
. . R . +19 -
At present the linearity of Vpulse with V,  is only +1%, therefore (Vpulse/vdc)
f1+0.01f. In view of this variatiqn of f with voltage, both Vdc and V wvere .

pulse

measured independently and the data were analyzed using the general eguation

for (p/n)i With the_t?anlng power supplies for Vdc and Vpulse’Athe calibration

procedure is quite straightforward; employing reasonable first estimates of a,

t,» and & to compute (m/n) a histogram (number of events versus m/n) is con-

. : - + +
structed. In a typical case for tungsten the ions He and W 3 are used to cali-
. + S
brate the (m/n) scale. The position of the He peak is very sensitive to the
o + g
value of to’ hence to is varied until the He peak lies at exactly btamu.

3

Similarly, d is varied until. the observed isotope peaks of W =~ lie at the correct

mass-to-charge ratios. This process is iterated until a self consistent set of

This has been reduced by at least a factdr of10 by replacing the Spellman
power supply with the CPS power supply (see page 16).
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to and d values is obtained. The calibration always converged rapidly and

. not more than two iterative approximations have been found necessary.

% .
A computer simulation was performed to test the sensitivity of the spec-

trum to the choice of o in view of the measured variation of f with voltage.

. These calculations indicated that for £=0.05%0.0005,a. 100% error-in a (e.g., o

varying from 1.00 to 2.00) lead to a broadening in (m/n) of <0.03amu at 60amu

with V. ranging from hx10° to 16x10°V. This uncertainty in (m/n) is much

de

‘smaller than the uncertainty introduced by the time measurement (i.e., 20t/t

where At=110nsec for our atom-probe FIM). The principal advantages of keeping

a constant fraction of V

v . are: (1) the value of 0 chosen has a negli-
pulse de :

‘gible effect on the shape of the peaks in the observed spectra; (2) the shapes

of the.obsérQea spectral peaks do not depend on-an exact determination of the
calibration parameters o, to? andAd (although the absolute positions do depend
on an exécﬁ determination); and (3) possible changes in a with goniometer posi-
tion.or.specimen—to—image intensification sYstém distance hafe a neéligible
effect on the observed spectra. |

4. COMPUTER SYSTEM

This 'section describes the computer system which has been interfaced to the

TOF atom-probe FIM. Thé'system is under complete software controi and, in ﬁhe

course of antexperiment, it rapidly collects}_stores and analyzes the mass spectroé
meter data and also presents'results in both gfaphicél and numgrical form.

The system hardwarevconsists of: (1) a Nova 1é20 minicompﬁter; (2) three
cassette tape transports; (3);avtéletype; (Hy.é graphics display terminal; (5)

an A/D converter for measuring the dc and pulse voltage on the specimen; and

. v
See Section L.



-28-

(6) the‘atom-prObe interface which connectslthe diéital timer and high—vbltagelpﬁlser_‘
the computer. . The vast majbrity of fhe software material consists of the program
which controls the operation of the TOF atom—probe'fIM. The four primary func-
tions of this program during an -experiment afe as follows:
(1) Take data -.Pulse thé tip, read the TOF's from the digital timer, and read

V., and V. from fhe A/D Converter.

de pulse

(2) Store data on cassette - The TOF's, Vio

and vpulse’ and the number of pulses
necessary to field evaporate the atoms detected are stored on cassette tapes{

(3) Analyze data - Calculate the (m/n) ratios and store the histogram in the core

memory.

(4) Present results - Plot the histograms in the form of the number of events

versus'm/n, and tabulate the histogram in numerical form.

Section 4.1 contains a description of ali hardware except the TOF atom-
probe FIM interface which is described in Section L.2. Section k4.3 contains a .
discussion of the programming langﬁages used and a description of the prégfam
used to operate the TOF atbm—probe FIM. The auxilliary programs we have developed
for use in conjunction with the atom-probe are described in Section L.k, |
4.1 The Nova 1220 computer and pefipherals

In‘its most elementary form a typical'computer conéists of: (1) a centfal
processor‘Which is the computational and control eiement of a computer; (2) an _
information storage device, (g.g., core memory); (3) a front panel which contains
a series of switches and lights through whichoneéan exchange information with
the central processor and core memory; (4) a power supply; and (5) a chassis

housing all of the above components. The combination of a chassis, power supply

. and front panel constitutes the computer main frame. The central processor and

.memory are contained on circuit boards inserted into this main frame. The typical

computer system also contains several peripheral components; notably an auxilary

. storage medium which supplements core memory, such as a disk memory or a magnetic
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tape, and standard input-output (1/0) devices which sgpplement.the front panel such
as a teletype, a line printer, and a graphics display tefﬁinal. In additipn,
computer systems linked to experiﬁents contain non-standard I/0 devices. Thus,

for example, from the point—of—view of the computer, the digital timer and the
high-voltage pulser used with the TOF atom—probe_FIM appear as non-standard I/0
devices; Each auxilliary storage device and each I/0 device requires an interface.
The interface is contained on a circuit board housed in the computer main frame

and” serves as the electronic link through which the device may communicate with

the computer. We now present a description of the Nova 1220 computer and peripherals.
The combuter TOF atom-probe FIM interface will be discussed in Section L4.2. The
central element in this computer system is fhe Nova 1220 computer.. The computer
consists of a four-accumulator central processor, 32K (i.e., 32, 768), sixteen bit
words of core memory, and the computer main frame. Accumulators are static 16 bit
storage devices in the central processof through which all data that enters or
‘leaves the computer must pass. The central processorﬂand memory occupy four of the
ten circuit board slots in thé Nova 1220 main framé. The memory capacity of the
computer is sufficient to store the BASIC language interpreter occubying 12K of core
and a BAéIC program of roughly 2000 statements and 1000 variables.

Three cassette tape transports serve aé high speed auxilliary storage
devices. The three transports are housed in one chassis and share a common inter-
face, requiring one circuit board slot in theAcomputer main frame. The cassette
tapes serve as a high density medium for the storage of programs and data; thus
greatly reducing the use of papef tape. Each cassette_tape can store 50,000 16
bit words. With the preseﬁt softyare, this corresponds to £he storage of the TOF,
Vdc and Vpulse for th atoms. An entire tape‘can be read in less than two minutes.

The standard I/0 devices are: (1) an ASR 33 teletype; (2) a Tektronix 4010
graphics display térmiﬁal énd 4610 hardcopy unit; and (3) an Analogic 5806Aseries

analog-to-digital (A/D) converter. The teletype, terminal, and hardcopy uﬁit,share
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a common interface which occupieé one circuit board slot in tﬁe computer main frame.
The.teletypeAis generally used only for reading and punching paper tepes. All
alphanumeric and graphics I/O is handled by the hOlO terminal. Permanent copies
of the lnformation displayed on the terminal are made by the 4610 hardcopy unit.
The Anelogic 5800.series A/D converter is used to measure the dc and pulse
voltages applied to‘the specimen. The interface for_the A/D converter occupies
one circuit-board slot in the computer mein frame.A‘Furthe; details concerning.the'
"A/D converter voltage measurement system can be found in Section 3.1. With the.
exception of the hle'graphics~display terminal and L4610 hardcoty unit, all equip-
meht'was supplied as a functioning system by tue‘Data General Corporetion. The
terminalband hardcoty unit, purchasedAdirectly fromeektronix, were found to be
both harduare and software compatible with the Data Geuerel Corporation system.

4.2 'TOF atomenrobe FIM interface

. Since the computer system hardware described in Section 4.1 cannot commun-
"icate with either the digital tlmer or high voltage pulsér additional hardware is
required to make‘communlcatlon‘poes1blei' This section contains a description of
- the TOF atom-probe FIM interface, whose function is to provide the link through -
which information may,pésé between the computer and the TOF atom-probe FIM.

The.iuterface allows the computer to perform the following four functions:
(1) trigger the high voltage pulser; (2) select anj one of the eight timing chains
in the digital timer; (3) read ln the TOF from the previously selected timing
chain; and (4) reset the dlgltal timer in preparatlon for another TOF measurement.
In addition, the interface signals the computer when the pulser 1is ready to produce
another high voltage pulse. The interface was constructed on a Data General Corp.
model hOhO general purpose 1nterface board and occupies one circuit “board slot in
the main.frame;‘ Approximately one-half of the interféce board contains the<mauue
facturer's circuits while the other half is reServeu for user electrouics. We-héve

constructed this board to allow the parallel input of a 16 bit number, the pérallel
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output of a three-bit number and tge outpu£'of two independent control pulses. A
block diagram of the interface circuit is shown in Fig. 14. The interface func-
tions, and corresponding assembly language program instructions are shown on the
1eftfﬁénd side and thg inétrument functions are shown on the right hand side of
the figure. The tip is pulsed whenever a DOCS O, Lk instruction is encountered in
the program. Here the kéy identifiers are the S, which stapds for output a Start
pulsé and the device code number E&, which directs the Start pulse to the TOF
atom-probe FIM interface. This pulse triggers the high-voltage pulser, sets the
BUSY—DONE flip-flop on the interface into the BUSY staté, and triggers a mono-
'stable.mﬁltivibratof. After a delay equal to the cycle time of the highAvoltage
pulser (vlOmsec) the monostable multivibrator resets the BUSY-DONE flip-flop into
the DONE state.'.By monitoring the state of this flip-flop, the compﬁter is able
to detérmine if the high voltage pulser is ready to produce another pulse (i.e.,
done) or if it is in the process of producihg a puise (i.e., busy). o

Since there are only 16 binary ihputs to the'cdmputer and since there are

eight separaﬁe TOF counters each of which contains 16 bits of data, a multiplexer

is needed to read one counter at a time into the computer. The couﬁters are
selecfed by first loading the number of the dééiféd counter in accumulator O and
fhen issﬁing a DOA O, Uh (Data Out A, from accumulator O, to device L4). This
causes the three bit number to be output from the interface board to the timer and
the multiplexer to connect the appropriate counter onto the 16 data input lines
into the TOF atom-probe FIM interfacé. After the counter has been selected a DIA
1, Lk (Qata In A; into accumulator 1; from device hh) loads the 16 bit BCD TOF
data into accumulator 1.

~ After all of the TOF have been read in, the commanci NIOP O, 44 (No Input
Output Pulsé)’cauées a pulse to be éeﬁt oﬁt wh;ch'fésets ail the flip-flops and
counters in the digital timer-ia preparation fér ﬁhe next measurement.

If»any ions were detected the dc and pulse voltages are read in from the




A/D converter in much the same way as the TOF were read in from the digital timer.

First the channel is selected by loading the number 2 or 3 into accumulator O and

_executing the command DOAS 0, 21 (Data Qut A plus Start from accumulator 0, to

de?ice 21; i.e., the A/D converter). This selects either the dc or pulsé voltage
channel; and‘inipiates an'A/D.conversion. A DIC_l,IEl cbmmand'(gata In C, intb
accumulator 1, from device 21) then loads the 13 bit voltage data into accumulator 1.
4.3 Coﬁputer programs to opérate the TOF atoméprobe‘FIM |
The software that we have.developea consists of L pfograms Qritten in BASIC
and ASSEMBLY programming languages which:'(l) operate the atom probe; (2) prepare
a dictionary of (m/n) ratios; (3) generate simﬁlated mass spectrometer data; and
(4) diagnose hardware malfunctions. This section begins with a description of
the programming languages usea and the reasons for their selection, followed by a
description of the program used to operate the atom—pfobe FIM. The three'remaining
programs will be describedlinASection 4.4, |
A combination of BASIC énd ASSEMBLY languages has, so far,Abeen found to be
the most flexible and efficient system for operéting thé TOF atom—prqbe.FIM, since
BASIC'languagg programs can be eaéily changed during operation and ASSEMBLY lan-
guage subroutines are'fast. ASSEMBLY lahguage is the:least abstract of all pro-
gramming languages, since each statement can be directly translated into a single
hardware‘function. Thus, ASSEMBLY language provides the most direct control of
the computer functions oﬁ the finest possible scale. For example, the instruction
LDA 0, 100 causes the contents of core meméry location 100 to be'LoadedAinto

Accumulator 0. In contrast, the BASIC instruction X=Y expresses a much more

abstract idea and would require translation by a computer into mahy Assembly

language statements. _However, ASSEMBLY language is extremely tedious so that it
has only been used when absolutely necessary. - The majority of our ASSEMBLY
language subroutines were developed-only.to implement functions not provided

by BASIC. For example, since there are no BASIC statemeﬁts which allow communication
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of the,TOF atom-probe FIM with the computer, it was necessary to develop ASSEMBLY
language subroutines which would pulse the tip, read in the 4 digit BCD time-of-
flight,'etc. In addition, four ASSEMBLY language subrputineS'thch‘create, read ,
and clear the hsitogram and find the peak containing the maximum number of (m/n)’
values in thé histogram were written to replace -equivalent dbut muéh slbwer.BASIC
program sections. All of these éubroutines can be éalled by BASIC statements.
The general form of a Basic call is: (statement number) CALL (subroutine number);
(up to 8 arguments). For exémple, the statement 100 CALL'6, T(1), T(2), T(3),
T(4), T(5), T(6), T(7), T(8) causes eight. TOF's stored in the digitai timér to
be transmitted to the computer, translated from BCD to floating point notation
and passed to variables T(1) through T(8).

Most BASIC statements have FORTRAN analogs and, in géﬁerél,vthe‘languages
are similar in mostArespects. However, there is a major difference between the
languages in that an entire FORTRAN program must be first compiled and then executed,

thus involving a two step process; while BASIC programs are compiléd"and executed

“simultaneously in one step one statement at a time. Thus BASIC allows on-line-

development and modification of programs without requiring time consuming recompil-
ation of the entife_program. For example, modification of even a single'statément
in a FORTRAN program always requires recompilation of the entire prégram which,

for our computer system can take well-over 1 hr ; while in BASIC, the same modifi-
cation would consumé only the time required.to typé it into the computer; Thté,
program development and in particular program modification during an experimeht
was.found to be easier in BASiC than in FORTRAN. The majqr.drawbabk;of BASIC

is that, since each statement must be re-interpreted (recompiled) each time it is
executed, BASIC programs run considerably slower than-the equivalent FORTRAN or
ASSEMBLY 1anguagé programs. However, aé mentioned previously, the ruhning time can
be substantially reduced by suitable replaceﬁent of particulariy time consuming

sections of BASIC programs with functionally equivalent, but faster running, ASSEMBLY
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lanéuage'subroutines.
An gxtensive computer program to opefate the TOF atom-probe FIM called the

Atom—ProbefOperating SySfem kAPOS) has been written aﬁd tested. The program 1is
arranged in a fhree—levei heiraréhy‘as shown in Fig. 15. At the top is the controll-
ing EXECUTIVE program which initializes variables and selects the appropriate func-
fion of APOS. Under the EXECUTIVE program are the five main BASIC languége sub-
routines PULSE, GRAPH,,READ, CALIBRATION, and DICTIONARY SCANNING. At the‘lowest
level in the heirarchy are the ASSEMBLY‘language subroutineé. A sample computer-
operator dialogue is preéented in APPENDIX A.
b4 Auxilliary programs -

| This section describes three progréms which: (1) create. an ordered table of (m/n)
ratios of selected elements: (2) geherate.simulapgd mass spectrométer data; and (3)
diagnose hgrﬁﬁare malfunctions. Althﬁugh these progréms have contributed fo the main-
tenahce of tﬁe TOF étom—probe FIM and our interprétation 6f experimental resulﬁslwg have .
classified them es auxiliiary programs since they are not essential to the operation of
the TOF atom-probe FIM. The DICTIbNARYAGENERATING progfam was written to prepare an
ordered table of m/n ratios for selected combinations of elements.  An example of the
information provided in the dictionafy is given in Appendix A on the dictionary scanning
subroufine of APOS. Briefiy, the information is the m/n value of the combination, the
eiements in the combination, the charge state, and the pércent natural abupdance. The
dictionary of m/n. values geﬁerated has proven fo be useful for indicating potential dif-
ficuities in attempting tb identify unambiguously the peaks observed in the experimental-
‘épectra; In préparing the dictionary, the isotopic masses.and perceﬁt natural abundances
of the elemenﬁs(QS) of interest are first stored in.the computer. The ranges of charge
states desired for gach element and the namesvof the elementé which aré to be paired
with all other eléments,.(e.g.,.the gases hydrogen‘and helium) ére obtained and stored.

Special cases,.sﬁch as combinations of three atoms, are typed in indi?idually. The

dictionary generating program then calculates the m/n values of all the desired
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combinations and writes them as wéll as the atomic numbers of -the elemen@s, the
charge state, and the percent natural abundance on a.cassette,tape in the order
they are calculated. After all the combinations have been computed, the entries
are arranged in order of increasing m/n values. Since the computer storage is "
far too small to accomodate all the data at once, a multiple—pass~proceés is
required. The program scans the.tape once to determine how large a range of (m/n)
valueé can be handled on.each pass. It then re-reads the tape, selecting only
the first group of m/n values. These are written in order 6n a secand tape and
the first (unordered) tape is re-read. For a typical dictionary containing 50
elements there will be afproximately 5000 entries, and the ordering process ﬁill
consist of 5 passes requiring a total time of 0.5h.

| ‘An empirical data simulation prOgramhcal;ed SYNGEN was written to test the

effect of the voltage and TOF uncertainty on the (m/n) resolution. The operator

selects the total number Qf events to be simulated, N, the voltage range, the length

of the flight tube, the resolution of the de énd pulse voltage measurements, the

pulse. fraction, and the resolution of the digital timer. 1In addition an exponential

tail of the form exp (‘Eéﬁ., where p is a constant, can be'added to each of the peaks.

The physical-brigin of this exponential tail is believed to be due to a spread in

the energy of the field evaporated ions and has been- termed energy deficits by

(29)

workers in the field. The program begins by breaking the voltage range into N

equal segments. For each event the actual voltage, Va’ is picked at random from

within the corresponding segment. This randomizing feature was added to pfevent

any possibility of systematic errors being introduced by having the voltages for
each event equally spaced. TheAmeasﬁred voltage, Vm’ is computed from the true
voltag¢ by first calculating the dc and pulse voltage using the pulse fraction,band
then rounding these voltages off to correspond to the resolﬁtion of the dc and
pulse measurements. The sum of these is taken as Vm. The (m/n) ratio, Mi’ of an

isotope of the element to be simulated is selected at random and_weighted by the known




isotopic concentration. An enérgy,deficit of exponential form is added using the
relation
= - 1n
Mo Mi pv r

where Mo is the observed mass, including energy deficits, and r is a random number

between .0 and 1. The actual TOF is calculated from
" - , M _a
t =

a. 2e V
a

2

-and the measured‘time, tm, is célculated by rounding this off tq within the’resolﬁ—
tion of theldigitél timer.” The measured mass is then calculated from the measured
vol£age and measured TOF employing thé usﬁal formula
| ‘Mﬁ = Qe Vm tm2 / d2,

and theﬁ'stored as a histogram. Since p is the only unknqwn.parameter when
modelling experimental results, it provides a ﬁeasure of the relative impértance of
eﬁergy deficits qnﬂthe (m/n) %esélution. A forthcoming report on factors affecting
resolution will deal with this iﬁ'greater dépth. In addition; the program hés
proven useful as a-guide for prediéﬁing thevmiﬁimumldetectable conéentrafion of
Asolﬁte atoms in an alloy; Fig.'l6 shows a synthetic hiétogram for tungsten-25
atomic % rhenium generated by.this.program. The voltage range wés 3600 to Lhoov,
 the flight distance.was 2222mm, the dc and pulse resolutioﬁ was +2V and +0.5V
respegtiVely, the time resolution_was ilOnsec,:the'total'number of events was 2000,
and the energy deficit paraheter,‘p, was 0.25amu. )

This‘figure can be’compared.with Fig.25 for an actual W—25aﬁ.%Re spectrum
rtaken under equivalent conditions. The agreement befween.the:two is- good and
indicates both that our rather simple empirical‘model is édequate for,reproducing‘the
'shapé of observed spectrum and that (except for the energy defigit_tail) the

actual resolution of the TOF atom probe FIM approaches the theoretical limits of4'

resolution imposed by the measurement of the voltages and the TOF.
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in order to insure the reigablé operation of.the cdmputer syétém, an exten-
sive diagnostic pfogram which tests all hardware functions is run périodicall&. The
computer system was supplied with a diagnostic program. capable of testing the
central processor, core memory, the caséetté‘transports.aﬁd-the three standard
I/0 devices. The écope of this program was exténded to allow:testing of the TOF
atom-probe FIM interface, digital timer and high-voltage pulser.

TheAhigh—voltage puléer and associated interface circuits are tested by
comparing the total number of high—voitage pﬁlses produced with the.number of
pulse commands issued by the computer. _Sincé only high voltages pulses which can
. tfiggef a discriminator, set about 5% below the peak pulse vq;tage, are counted
the incidence of substandard pulses can be determined. The test is usﬁally run for

1 h, in which time about 10°

pulses are produced.t Thus far no substandard pulses
have‘been detected. There are two testS‘run on the digital timer and associéted
interface éircuits. In the fifét‘test 4 digit numbers are‘manﬁally‘enteréd info
.each of the eight counting chains. in thé digital timer5 such that none af the
<countihg chains contain the same number. The computer then repeatedly-reéds the
digital fimer and compares the number read with,the number which was entered. Any
error in the selection of the countihg chain or in thé‘ﬁransmissionlof the contents
of the coupting chain -to the computer is detected. In the éecond‘testfpu;Sés with
knowﬁ relative delays are sent to‘the start and stop inputs of-the digital timer.
The measured times are read by the computer and tested for variations. In over 10
operatgons, no errors ﬁere detected by eithér of.thése twd tests.
5. SOME EXPERIMENTAL RESULTS

This section contains a déscriptionAof typical spectra obtqined
for pure tungsten and.ﬁqubdenum sﬁecimens}'and alsd’a spectrum'qb-
tained from a tunésten—25%;rﬁenium élloyw Thesé'Sample spéctra show

very clearly the mass resolution capabilities of this atom-probe FIM.
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' o+ + :
5.1 Tungsten (W 3 and W 4 spectra)
Histograms of the data obtained for tungsten are shown in Figures 17-20.

3

+ +
Figure 17 shows the entire mass range from 0 to 100amu. The W and W b peeks

located near 60 and 4Oamu, respectively, are’cleariy visible. A small peak due.
to residual helium ga; at bamu can also be seen. Histograms of the W+3, WH4 and
He peaks are shown on expanded scales in Figures 18, 19 and 20 respectively.
Peaks associated.with the five naturally occﬁring isqfopes of W (Wl8q, Wl82, W183,
WlSh; and W186) can be readily distingﬁiShed from one another in thé wt3 épéctrum'
.(Fig. 18) which contains 6OO9Aevents. The th spectrum (Fig. 19) shows only three
clearly distinguishable peaks because ‘the mass resolution in the W+)4 range is less.
‘thaﬁ in the W+3 range. This decrease in resolution is attributable principally
to the tiOnsec time fesolutipn of the digital timer used to measure the TOF's. The
1240 W.'”h events represent 17% of the total number of events recorded.

These W spectra were recorded with the atom-probe FIM at a background
pressure of 6x10_10£orr, at a tip temperéture 5f V25K, and with the probe-hole
in the internal'image.intensification system over then(SSL) plane. The value of
£ was set at O;QS-and the calibration parametéfs ﬁéed‘§er§ 0=2.0, t0=0.56u§ec,
Aand d=1600.3mm. A comparison of our experimental W+3 isotopic aboundances with

(28)

the handbook values of these quantities is shown in Table 1. It is seen that
the agréementvis rather good. The faét that the W+h peaks fall where expected>indi-
cates that the mass scale calibrated from the-He# ana W+3 péaks is linear.
5.2 Molybdenum (Mof2 and'Mo+3)

. 4Histdgrams of the data obtainéd for molybdeﬁum are shown in Figs. 21,'22
~énq 23. Figufe 21 shows the entire mass Qange'from 0 to 100amu. The Mo+2, Mé+3
and Mo+h peaks at about 50, 33,'and 25amﬁ are vefy clearly seen. 1In additiop,
there ére peaks at lamu and hému which are associated with the.residual hydrdgeﬁ and

. . +
helium in the atom-probe FIM. Histograms with expanded scales of the Mo 2 spectrum,

+ - .
and the Mo3 spectrum are shown in Figures 22 and 23, respectively. Peaks associated
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92 ok 95 96 97

with the seven naturally occurihg isotopes of Mo (Mo , Mo ', Mo””, Mo” , Mp ’

M098, Moloo) are clearly distinguishable from one another. These- Mo sbectra

9

were recorded with the atom-probe FIM at a background pressure of 5x10 “torr, at

a tip temperature of 60K, and with the probe ho}e in the image intensification
‘system near the (110) pole. The pulse fraction f was set at 0.0?S,,and the
calibration parameters used were o=1.482, t0=0.56usec, andtd=2213mm. A comparison
of eur experimental MoJr2 isotopic abundances with the handbook values of these
quantities is shown in Table 2. It is seen that there is good agreement between
the two sets of values. Figure 23 exhibits the Mo+3 speetrum recorded simultan-
eously with theMo+2 spectrﬁm and in Table 3fa comparison between the handbook

values of the isotopic abundances and our experimental va;ues is given.
5.3 Tungsten-25at.% Rhenium

A histogram of the data obtained from a epecimen of tungsten-25at.% rhenium

thermocouple wire is shown ‘in Figs. 2L and>25.‘ The W-Re spectra were recorded at a

tip temperature of 25K and with £=0.10. The calibration parameters used were

185_ +3 185, +3

o=1.5, to=0.56usec, and d=2232mm. The Re ~ peak at 61.67amu and the Re

peak at 62.33amu are readily seen. The total number of events was 1834 of which
approximately 95% had charge state +3 while only 5% had charge state -+4; this result
is in etrong contrast to our observations on pure tungsten.where 17%.ofAthe events
wvere in'the'+h charge state. The composition profiles shown in Figs. 26 and 27

S+ + '
l85Re 3 187Re‘3 isotopes are uniformly distributed throughout

185Re+3 187Re+3

demonstrate that the and

the sample. The relative percentages are 10.Tat.% and 14.T7at.% for

a total rhenium concentration of 25.hatf% ﬁhich is in agreement with the nominal
concentration. A comparison of‘our experimental isotopic abundaﬁces with the handbook
values for a W-25% Re alloy is given in Table h.' The ‘total Re concentration is 28.5at.%
This reeult was obtained counting only those atoms in the ranges sﬁown.in Table 4. 1In
contrast, the 25.L4at.% Re result obtained from the composition profile is phe number’

of atoms in the ranges 61.6 to 62.0 and 62.3 to 62.6 divided by the £otal number ef
atoms in the W—Ref3 peak includingefhe'tail»from 62.6 to 65 amu.
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" Clearly there is a problem in accounting for the atoms in the tail in a
simple way because each peak has its ownAtail whiéh interferes_with_thé peaks
at higher (m/n). To fesolve this a third method was ﬁsed to obtain the rela-
tive concenfration of rhehium.c A relatively simple least-squares ?rocedpre.
was used to'fitAéll.sevéh peaks in the W-Re+3 specfrum assuming they are of pure
e#ponential form. The adjustable éarameters were the concentration:of fhénium
and the decaylponstant of the exponential tail. 'In addition a third parameter,
whigh compensated for any error in the absolute position of fhe m/n spectrum,
was least-squares adjusﬁed. The results of ﬁhé fit ﬁere 22i2% for the rﬁenium
conceﬁtration, 0.31 amu for the decay constént of the exponential tail, and . .

0.065 amu for the.required shift in the m/n scale to obtain the best fit.
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" 6. SUMMARY
An ultra-high vaccuum time-of-flight (TOF) atom-probe field-ion microscope
(FIM) specifically designed for. the study of defects in metals is described. The
description of the 1nstrument is subdiv1ded into the following three main categories
(1) field-ion microscope system; (2) TOF mass sbectrometer; and (3) computer system.

The paper is now summarized following this categorization.

1. TField-ion microscope system

The FIM is a stainless-steel ultra-high vaccuum (éleO—lotorr) system employing
an internal-image-intensification system based on a T75mm diameter Gallileo channel-~

electron-multiplier array (CEMA) with a 3mm diameter probehole.  The internal-image-

- intensification system is immediately followed by a focusing lens which is used to

focus the pulse-field evaborated jons onto the ion detector in the TOF spectrometer.
The intensified FIM image is viewed with a front-surfaced glass mirror placed at 45°
to the flight path; it contains a 10mm diameter hole and is positioned immediately
behind the focusing lens. The assem%ﬁy eon51strng'of'*he 1mternal.image—intGRSﬁuﬁm
cation system, focusing lens and viewing mirror 1s attached to two UHV metal bellows
(see Fig, 2) so that the distance from the tip of the specimen to the front surface
of the internal—image-intensificetion system is continuously variable. 'This latter
feature provides a lineal magnification cnange of N8X and hence an areal magnification
change of "6hX. The FIM specimen is held in a liquid-helium cooled Brenner- style
goniometer stage. The Brenner-style goniometer stage provides rotation about two

orthogonal axes which intersect at the tip of the'specimené the goniometer stage is

also translatable in three mutually orthogonal directions to facilitate alignment

of the tip with respect to the probe hole. The specimen is exchanged by means of & ...~

high-vaccuum (<10~ 6torr) speC1men exchange device which allows for the rapid tragefaliy

I T
Cas

of specimens without heving to break the vaccuum in the FIM. The.temperature of"th

FIM tip is continnousiy variable from 13 to 450K. The FIM tip can also be irradiated

in-situ with any low-energy (<1keV) gas ion employing a specially‘constructed ionwgu£;L
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2. Time-of-flight mass spectrometer

The pulse—fieid evaporaﬁed ions are detéctéd by é Chevroh ion-detector-locéted
2.22m. from the FIM spécimen. The flight tube of the TOF mass spectrometer is iso-
lated from the FIM by an UHV straight-through valve and the‘flight tube also has its .

own separate vaccuum system. This arrangement allows a vaccuum to be maintained in

‘the Chevron ion detector section even when the main chamber is not under vaccuum and

also provides for differential pumping of the flight tube to reduce the'partial

" pressure of helium gas in it. The controls of the dc and pulse'high voltage power

supplies as well as the power sﬁpply for the focusing lens are mechanically ganged
together (see Fig. 9), so that the pulse and focusing lens voltages are maintained at
a constant-ffactionAof the dc voltage. The éutputs ofAthe high voltage power supplies
are measured by an anélog—to—digital (A/D) converter and input to a Nova 122Q com-
puter wheneve; a TOF measurement is made. . A'small fraction of the high voltage pulse
is picked off and fed to a discfiminator which starts an eight-channel digital timer
and also triégers a gate generator. ‘The voltage pulse produced when an ion réaches
the Chevron ion defecéor is amplified, delayed 500nsec, and then fed to the stop’
discriminator. The stdﬁ discriminator is gated by the gate generator which. is typi-
cally set to open 600nsec after the start pulse. This lat£er procedﬁre guagantees
that any interference  from the high voltage pulse will not improperly trigger tﬁe stop
discriminator and that only true events will be detected. A total of eight consecu-
tive stop‘sighals can be analyzed and thus eight ion species can be identified. —The
TOF data is stored in ?inary—coded—decimal (BCD) format within.the timer until thé
computer is ready to read the TOF d;ta. The computer then calculates the méss—to—
charge ratio (m/n) using the TOF data and voltage data. After the m/n ratios are
computed they are stored(in~the computer-memory in the form of a histdgram of the
numbep of events versus (m/n).. In addition, the raw data consisting of the TOF and
the voltages are stored on a magnetic cassette tape so that the results of the run

can be,re—anélyzed in the future. The computer is interfaced to a Tektronix L4010
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graphics display terminal and a Taktronix 4610 hard copy unit, éo that the histogram
can be displayed graphically and a permanent record can be obtained in less than a
minute.
3. Computer system

The TOF atom-probe FIM is under complete software control and, in the coursa
of an experiment, the system fapidly collects, stores and analyzes the mass spectro-
meter data and alao presents it in both graphiéal and numerical form. The systém
hardware consists of: (1) a Nova 1220 minicomputer witﬁ 32K of memory; (2) three
cassette tape transports; (3) a teletype; (kL) a Tektronix 4010 graphica display ter-
minal; (5) a Tektronix 4610 hard copy unit; (6) an A/D converter for measuring the dc
and pulse voltages applied to the specimen; and (7) the atom-probe interface which,
connects the digital timer and high-voltage pulser to the compﬁter. The-majoritf'of
tha software material consists of a program which controls the operation of the TOF
atom-probe FIM. The four primary functions of this program during an éxperiment are

as follows: (1) Take data - Pulse the tip, read the TOF's from the digital timer

- and read the voltages from the A/D converter; (2) Store data on'cassette - The TOF's,

voltages and number of pulses necessary to field evaporate the atoms detected are-

stored on cassette tape; (3) Analjze data - Calculate the (m/n) ratios and store the

histogram in core memory; and (i) Present results - Plot the histograms in the form

of the number of events versus m/n, and tabulate the histogram in numerical form.
The capabilities of this,TOF atom—prabéiFIM are demonstrated in Section 5 where

some typical spectra forlpure tungsten and'molybdenam specimeas and also a spectrum

obtained from a tungsten-25% rhenium alloy are presented. The peaks associated with

the five naturally occurring isotopes of W (wlBO, wl82, wl83, wlBh and Wl86) are

+3 .. :
readily distinguished from one another in the W 3 spectrum (Fig. 18). The seven

92 ' 9k 95 96 o1 98

naturally occurring isotopes of Mo (Mo”", Mo’ ', Mo”7, Mo”", Mo” ', Mo”" and Moloo) are

. + + : )
clearly separated from one another in the Mo 2 and Mo*3 spectra (Figs. 22 and 23).

185

The two isotopes of rhenium (Re and Rel87) are clearly separated from the five




isotopes of W in a tungsten-25% rhenium alloy (see Fig. 25). In all cases the isotopi
abundances of the difféfgﬁt isotopes were'in.good agreement with the. handbook values.
In the case of the W-25% Re alloy the TOF atom-probe FIM determination was 25.hat.%.

Thus, the present TOF atom-probe FIM appears to have a resolution which is satisfactory

for many materials science problems.
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APPENDIX A
The following description of the functions of‘APOS‘Qill»follow the
. order,ofla-typicél operating seséion. TheAiﬁput and output statéments from the
computer'are in capital ietteré,‘and the reéponses thét have been tyﬁed.in from fhe
keyboard are undérlined; AHeadihgs<1abeliing the part of the program being used
are double underlinéd. Comments are in lower cése letters.

The EXECUTIVE PROGRAM is as follows:

RUN -- starts APOS running in the EXECUTIVE program.

DATE =_21 APRIL 1975 - requests input of date for labelling .graphs.

IDENTIFICATION = TUNGSTEN 551 PLANE - idenﬁification for labelling graphs.
- CLEAR HISTOGRAM? Y response Y for yes clears m/n histogram, N for ﬁo"does not.
P,R,D;G,4OR C? P - selects desired functioﬁ of APOS as follows:

P - pulse tip and take data

R - read data from cassette tape

D - scan dictionary of (m/n)'s

G

graph data

C compute calibration parameters

‘This corcludes the functions of the EXECUTIVE program. The response P on the last
iﬁterrogation passes control to subroutine PULSE.

The PULSE SUBROUTINE is as follows:

HISTOGRAM STORAGE RANGE IS 0 TO 200,

BIN SIZE = .2 AMU OK? N

PICK LﬁNGTH = 90 LENGTH = 100 PICK START =.5
HISTOGRAM STORAGE ﬁANGE Ié 0 TO 100,
BIN SIZE = .1 AMU OK? Y
This sequence of requeété and responses has éhangeq:the
'histogram storage range from 0-200 to 0-100 and consequently

" changed the bin size from 0.2 to 0.1 amu.'iThe prograﬁ'has
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automatically converted the requested rangé to a range that
will be compatible with the graph labeling procedure. Thus
) thé requesfed length 90 was changed to the standard length
- 100 apd the stérting valﬁe 5 was changed té 0.

PRINT ERROR MESSAGES WHEN M/N TOO LARGE? ‘l
Whenéver a calculated_m/n is oﬁtside,the histogram storage
range the value m/n will be printed on the CRT.

ALPHA=1.0  LENGTH=2000 TQ¥56 N

NEW‘PARAMETERS? Y -- requests if new vélues of calibration parameters are desiréd.

ALPHA=1.5

- LENGTH IN M.M.=2228
TO=56
| ~ New calibratioh parameters are:Apulse'factor a=1.5; .

flight distance d=2228mm; and totél delay tiﬁe to=0.56usec

CLEAR HIST? N |

NO FILES OPEN

OPEN A-NEW FILE? Y

TYPE DRIVE ANb FILE CT2:1 |

: Since no cassefte tape file was opeh for writing thebdata,_thel

cassette on tape drive nuﬁber 2 has been opened at file number 1.

PULSE ¥ -~ Yes respdnse'ﬁranches to actual pulsing of tip. (N rééponse branches
to RETURN TO-EXECUTIVE?. request, to be discussed below.)

HOW MANY PULSES? 1000
The computer'now begins puising the tip 1000 times. As
the FIM specimen is field evaporated the‘voitaée is,slowly'
raiéed by thé operator to maintain‘a steady evaporation |
rate as monitored by the rate méter. After eaéh.pulse the

computer reads the timer. If the TOF is an acceptable BCD
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number and is less than 90;00usec it is assuméd to
cofrespond to a trge e?ent and a voltage ﬁeééurement by

the A/D converter is initiated. The value of m/n for

each TOF is calculated and the'appropriaﬁe bin. of the
histogram is incremented by one. The TOF's are recorded

on cassette tape preéceeded by the neéétive‘of'the number of
pulées since ‘the last event. If the voltages have changed'
since-the last even£ tﬁey are also recorded on cassette tape
preceeded by a zero. Thus, when the tape is read back,

a négative number is ‘interpreted as a number of.pulses and
all positive.definite numbers following'it'are,interpreted
as TOF's. The two numbers following a zero are interpreted
as the dc_andlpulse voltages. The data are written in blocks
of fixed length (186 numbers) so that data can be read back

in a consistent way.

130 ATOMS

1l RECORD -- 130 events fecorded and 1 cassette tape record filled.

HOW MANY PULSES? 0

RETURN TO EXECUTIVE Y - Request for'zefO'bulSes passes control Sut of the'pulsing
- mode to the'branéhing ;equest. A Y response causes return-

to EXECUTIVE program. An N response would have caused return
to the beginning of PﬁLSE subroutine.

CT2:1 IS STILL OPEN FOR WRITING

CLOSE IT? Y

CT2:1 HAS BEEN CLOSED AND CONTAINS 2:RECORDS
The cassette tape file can be left open when returning.to
the EXECUTIVE program, but has been closed since the data

taking has been concluded.

CLEAR HISTOGRAM? N
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P, R, D, G, OR C? G - Select the graphing subroutine.

GRAPH SUBROUTINE

STORAGE RANGE O TO 100 BIN SIZE = .1 AMU HISTOGRAM PLOTTING RANGE IS O TO 100

OK? 'y_ PICK LENGTHFEJ LENGTH=5 PICK START 59 HISTOGRAM PLOTTING RANGE IS 59

0 64 OK? Y | |
The horizont;l range to be plotted has been selected to be
_between 59 and 64 amu. Note that the program automatically
_restricts the sélécted range to a standafd size within the .

storage range of the histogram.

MAX = 24  VERT RANGE = 30 OK? N
PICK VERT RANGE = 50
MAX = 24  VERT RANGE = 60 OK? Y

'The program automatically picks'a vertical range large .
enough for the maximum of the histogram over the selécted
'm/n rangé. If the operator has chosen a larger range,
it is converted to a standard size by the program.

IDENT = TUNGSTEN 551 PLANE OK? Y

| | At this point the‘CRT screen of the graphics terminal is
cleared automatically and é histogram similar ﬁo those shown
in the fesulté section is plotted. The operator then makg;

_ " a hard copy df the histogram and ciears the CRT screen.

RETURN TO EXECUTIVE? 1;- An N response woula cause a return to the beginning qf
subroutine GRAPH; |

CLEAR HIST Y

P; R, D, G, OR C? R - Read the data fromrthe cassetfe tape.

.READ SUBROUTINE

DRIVE & FILE TO BE READ CT2:1
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CT2:1 OPENED FOR READING

FIRST RECORD -

i
|o

LAST RECORD - The cassette tape on'dfive 2 has been opened to file 1.

]
I

Records O to 5 will be read and analyzed.

EXCLUDE ANY DATA GROUPS? Y |

EXCLUDE DATA IN GROUPS OF SIZE = (TERM;'W NO. <> 1 TO 8)

? v .

%% - V Any TOF data which came in.groups of 8 (i.e.,.all 8
counters- in the digital timer contain true events) will
be excluded. The 0 terﬁinates:the'list because it is outside
the range 1 to 8. |

EXCLUDE ANY DATA NUMBERS = (1 TO 8)

° ' .

%%: - A1l data from the seventh counter chain will be ignored;
again O terminates the list.

CREATE HIST (H), COMP PROFILE (P) OR BOTH (B)? é
Select whether to createla histogram, composition profile
or both, | | |

HISTOGRAM . STORAGE RANGE IS O TO 100,
BIN SIZE = .1 AMU OK? Y . . ' o (

CLEAR PRESENT.HISTOGRAM-va

ALPHA = 1.5 LENGTH = 2228 TO0=56

NEW PARAMETERS? N —- The histogram information re@uestgd as in subrouti@e PULSE

COMPO PROFILE INFO

Y- AXIS M/N RANGES FROM 10 TO 20 -- The vertical axis of the cﬁmpositioﬁ profilé
will indicate the total number of'évents with m/n,betﬁeen
10 and 20. | |

LENGTH OF Y AXTS = 3 (eventé)

OK? Y
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X AXIS M/N RANGES FROM g_fo 100 -- The horizontal axis of the composition
profile willnindicate the total number of events with m/n
between 0 and 100.
LENGTH OF X AXIS = 200 (events)
0K?.Y
IDENT = TUﬁGSTEN 551 PLANE . lb TO 20 AMU.VS 0 TO 100 AMU
OK lb— The computer now begins'to'reéd the tape and computes'thel
histbgram while.simultaneouslynﬁiotting the composition
pfofile on the CRT. The computer then makes a hard copy
. of thelcomposition prbfile and clears-the CRT.
EOF AT RECORD 1 DATA 35
CT 2:1 HAS ﬁEEﬁ CLOSED - When the program encounter; an end of file (EOF)
makaon thé'tape it notes the record and datalnumbers and
_ then closes the file.
RETURN TO EXECUTIVE? Y |
CLEAR HISTOGRAM? N

P, R, D, G, OR C? C

CALIERATION SUBROUTINE (See section 3.4)

For the following exampie we wili assume_that the tungsten data
(hypothetical) .was taken~at'two'setslof voltages. The data were then analyzed~
using the foliowingr(incorrect) calibraﬁion parameters:'to=0.50usec; q=l.2; and

186w+3

+
d=2200. The hHe peak and-the peak for the two sets of voltages were

observed at the following m/n:

b+ - 186 +3-
Vdc ' Vpulse' . H? . W
Case I 8000V Loov 4.19 amu "63.25‘amu
Case II  84OOV . 200V 4,22 amu 63.71 amu

The first.step in the calibration procedure is to work backward from the observed -

m/n values to.obtain the equivalent TOF's..



. COMPUTE TOF? ¥ . .

VDC=8000 VPLSE=400 ALPHA = 1.2 TO = 50 LENGTH = 2200
M/N = 4.19  TOF
M/N = 63.25 TOF = 1L417.65

M/ = TOF W NEW PARAMETERS? Y

VDC = 8400 VPLSE = 200  ALPHA = 1.2  T0 = 50  LENGTH = 2200
'M/N = L4.22 TOF = 399.98 ‘

M/N = 63.71 TOF = 1%09.85

M/N = 0 TOF W NEW PARAMETERS? N

|1}

402.008 - (all times in tens of.nanoseconds )

Input m/n = Q passes to branch statement allowing recomputation of

TOF's with new parameters. Typing N causes program to continue.

COMPUTE TO? Y Compute t_.
18T M/N = 4 1ST TOF =-402.008
2ND M/N = 62 . 2ND TOF = 1h417.65
TO = 56.1985
COMPUTE ALPHA? Y '
1ST VDC = 8000 . VPLSE = 400 - TOF = 1U17.7
2ND VDC = 8400 VPLSE = 200 TOF = 1409.85 T@ = 56.2
ALPHA = 1.50338 -
COMPUTE LENGTH? Y ,
T0 = 56.2  ALPHA = 1.5 VDC = 8000 VPLSE = 400
M= 186 S N=3 TOF = 1417.7

LENGTH = 2227.91
COMPUTE LENGTH WITH NEW PARAMETERS? N .
- This cOmpleteS the actﬁal calibraticn.-iThé following compufation
of m/n serves as a check.
'COMPUTE M/N? Y A
vDC = 8000  VPLSE = L0 ALPHA = 1.5 TO = 56  LENGTH = 2228
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TOF = 402.008 M/N = h;60311

TOF = ih17.65 M/N = 61.9949

TOF = 0 ‘M/N WITH NEW PARAMETERS? Y |

VDC = 8400 v PLSE = 200  ALPHA = ;;g 70 = 56 - LENGTH = 2228
| TOF = 399.98 ° © L.00233

TOF = 1409.85 61.999%

TOF = 0  M/N WITH NEW PARAMETERS? N

‘Thus, the new calibration paraméters to = 0.56uéeé _
o= 1.5, and d = 2228mm give consistent results for
the m/n values of hHe+ and 186W+3.'
RETURN TO EXECUTIVE? Y

CLEAR HISTOGﬁAM? N

P, R, D, G, OR C? D

DICTIONARY SCANNING SUBROﬁTINE

TAPE FILE OF M/N DICT CTl:1 -
M/N RANGE 0 TO 8 - selected m/n range of interest is O to 8 amu
ALL ELEMENTS? N

INPUT ELEMENTS, INCLUDE BLANKS, SEPARATE WITH CARRIAGE RETURN, END WITH ZZ

?

= 18

-3
0N
N

ELEMENTS ARE HE N
OK? ' Y Selected elements are helium and nitrogen.> All others

will be excluded.



M/N ELEM N 4 COMMENTS

2 HE~ : ‘+é " . 160

h HE- +1 ' 100

4 HE-HE w2 100

b7 'N- -' +3 99.6
5 N- 3 SR
6 N-HE - +3 ,: 99.6
6.3 N-HE +3 o A
T ~ N- 4 - 99.6
7.5 . N- 2 N
8 - HE-HE +1 © 100

The first column cortains the m/n value in amu, theAsecond column contains the
name(s) of the. elements, thg:third cdiumn conﬁains the charge stgte and thé
fourth column confains the percent'natural}abundaﬁée offtﬁe combination having
" that particular-(m/n).' The last column-is_for comments.
4RETU_RN TO EXECUTIVE? Y |

CLEAE HISTOGRAM Y |

' P,R,D,G, OR C?



- -55-

Table 1: Comparison of our experimental W 3 isotopic abundances calculated from

Fig.lBA and the actual

(28)

isotopic abundances.

Experimental

AMU. Numbef.of ' Actual
Isotope Range Atoms % %
w80 . 59.8 to 60.2  20+h 0.33+0:07 0.14
wJ.82 ' _ .

60.5 to 60.85  1520.5%39 . 25.3£0.6 26.41
w83 60.85 to 61.2  1026.5:32 17.10:5 b4
ok 61.2 to 61.8 1789+42 29.9+0.7 30.6L
w86 61.8 to 64.0  16khilh 27.450.7 2801

6009 100 100

Totals




Table 2: . Comparison of the experimental Mo 2 isotopi¢ abundances calculated

(28)

' from Fig. .22 and the actual isopépic'ébundénces.

AMU Number of = Experimental Actual

Isotope " Range . S Atoms % ~ %
. Mo”2 45.8 to 46.6 108 15.5+1.5 15.84
;% < o™ " 46.8 to bT.k 70 - 10.1#1.2 : 9.0k
. Mo™? BT.4 to 47.9 100 SRS 15.72

W Moo 8k . 113 16.241.5 . 16.53
: w7 48.4 to 48.9 67 1 9.611.2 9.6
, Mo™ 48.9 to 49.5 158 22.6£1.8 23.78
: | Mot 00 49.7 to 50.5 - 80 11.581.3 9.63

‘Totals 696 100 . 100
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Table 3: A comparison of our experimental Mo 3 isotopic abundances calculated

from Fig. 23 and the actual

- AMU

(28)

Number of -

isotopic abundances.

Actual

Isotope 4Range moer EXper;mental :
Mo”2 130.5 to 31 197 - 15.1#1.1 15.81,
Mo 31.1 to 31. 97 7.5+0.8 9.0k
Mo?? 31.5 to 31. 219 16.8+1.1 15.72
M096 31.9 to 32. 188 14 h4+1.1 16.53
Mo T 32.2 to 32. 125 9.6+0.9. 9.46
M098 32.5 to 33. 324 2h.941.4 23.78
Mot 00 33.1 to 33. 153 11.7+0.9 . 9.63
Totals - 100 100

1303
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Table 4: A comparison of the experimermtal WLQS%'Re=3‘isotopic abundances with

(28)

actual . isotopic abundances.

(a)'

Tungsten Isotopes

t

Isotope -AMU Number of Experimental . Actual
‘Range . Atoms % %
w180
59.9 to 60.4 1 0.1+0.1 0.1

w182 60.4 to 60.9 310 2L .7+1.h4 26.4

w83 60.9 to 61.3 2l3 19.341.2 bk

‘wlsh 61.3 to 61.6 394 31.441.6 130.7

7186 62.0 to 62.3 307 24 51k 28.4

Totals 1255 100.0 100.0
(b) Rhenium Isotopes
Isotope AMU Number of Expérimentai Actual
Range Atoms % %
Re185 61.6 to 62.0 21h 42.8+3.1 37.1
Rel87 62.3 to 62.6 286 57.2%3.1 62.9
Totals 500 100.0 100.0
(e) Relative Coﬁcentratibns

Element Number of Experimental Nominal
Atoms %

W 1255 71.5+1.6 75.0

Re o 500 28.5+1.6 25.0

Totals 1755 100.0 100.0

Based on nominal concentrations for W-25a€.% Re. -



“FIG. 1:
FIG. 2:
FIG. 3:
FIG. L.
FIG. 5:
FIG. 6:
FIG. T:
FIG. 8:
FIG. O:

FIGURE CAPTIONS:

A»highly schematic diagram illustrating the principle-df the TOf atom-

probe FIM employlng a digital tlmer to measure the TOF

The overall arrangement of the TOF atom—probe FIM showing the spec1men, the
internal imageiintensification system based on a CEMA, the focusing lens,‘
tﬁe ion-gun, the fronr-surface_viewiag mirror and the Chevron ion detector
based on two CEMA's

The liquid-helium cooled gonibmeter sfage whieh aliows.the'FIM specimen

to be roﬁated about two mufually orthegonal axes.

A cut-away view .of the llquld—hellum cold-finger. Tﬁe FIM specimen is cooled
by both the liquid helium and the cold hellum gas. The radiation shields -
arée cooled by the helium. exhaust gas. |
A.low-energy-gas,lon—gun for 1rrad1at1ngAFIMAspecimens in-situ. A gas such A'

as hydrogen, helium, neon or xenon is ionized in the plasma chamber; extracted

" with the extraction lens; then focused with the focusing lens onto the FIM

specimen. The indicated voltages are for illustrative purposes only, alﬁhough
they are typical values.:

A scheﬁatic diagram illustrafing the potentials as a function -of dietance for
the 1on—gunlshown in Flg 5. The energy with which the ion arrives at the
FIM spe01men is essentlally determined by the voltage on the spec1men

An overall view of the ultra-high vacuum system employed for -the TOF atom-

. probe FIM. Note that the flight tube has its own independent'vacuum system.

The dotted 1ine indicates the extent of the bakeout ovens.

The high-vacuum epecimen exchaage Qevice which ailo&s a specimen to be changed
without breaking'the vacuum is the main chamber.
A block diagram of the TOF mass.spectroheter illustrating the operation of-
the system. The voltage system, the diéifal timer and the Nova 1220 mini-

computerlare all shown.



FIG. 10: The voltage system for the TOF atom-probe FIM indicating how the power

supplies are ganged so that the supplies provide a cohstant ratio of pulse
to dec voltage. -

FIG. 11: A schematic diagram of the voltage dividing networks employed;

FIG. 12: - Shape of a 20nsec long high voltage pulse at the sﬁecimen.. Figure 10 (a)
is a sketch of the overall pulse shape showing the large initial peak
which is probably caused by reflections from the untérmiﬁated specimen.
Figures 10 (b), (c), and (d) represent actual oscilloscope traces of the
top of the initial peak which were méasured with a Tektronix 7904 oscilliscope,

S 1811 sémplinglplug-in, and S-2 sampling head. Figure 10 (b) was recorded

. with a P6056 10x probe connected to the specimen holder. Figure 10 (c)
was recorded with a P6057 100x probe connected directly to the specimen
holder while Fig. 10 (4) was recorded with the probe connected to the
specimen holder by a 2 cm wire.

FIG. 13: A block diagram illustrating the principle of the operatidp qf the digital
timer; see Section 3.3 fér more details. |

FIG. 1h4: A block diagram-illustrating the fuﬁctions of the inferface circuit.

" FIG. 15: Computer’ program heirarchy showing the EXECUTIVE program,.the‘BASIC
'language subroutiné; and the ASSEMBLY language subroutines used to operate
?the TOF atom-probe FIM. |

FIG. 16: A syntheﬁically generated»spectrum for a tungsten-25at.% rheﬁiuﬁﬁalloy;
see Section 4.4 for a discussionvof.the program used to generate this data.

FIG. 17: A spectrum for tungsten, between O and 100 amu, recorded at a specimen
temperature (Tt),of V25K in a background .vacuum of 6x10410torr. Note that

o+
3,.W+h and a small He peak.

' +

the spectrum consists solely of W

+ L

FIG. 18: A blow-up of the W 3 portion of the spectrum shown in Fig. 17. DNote the

clear separation of the five naturally ocurring isotopes of tungsten.



FIG. 19:
FIG. 20:
FIG. 21:
FIG. 22:
FIG. 23:
FIG. 2L:
FIG. 25:
FIG. 26:

_61;

A blow-up of the W 4 portion of the spectrum shown in Fig. 17.
A blow-up of the He portion of the spectrum shown in Fig. 1T7.

A spectrum for'mélybdenumg betweén-o to 100 amu, recorded at a Tt

9

of V60K in a background vacuum of A5x10° torr. Note that the spectrum

: : + ©+3. + + +
consists of Mo 2, Mo 3, Mo h,.He and H .

' +
A blow-up of the Mo 2 portion of the spectrum shown in Fig. 21. Note the
clear separation of the seven naturaliy ocurring isotopes ofAmolybdenum}
+ : o
The Mo 2 spectrum pulse-field evaporated at a specimen temperature between

57 and 69K for V. varied continuously from 11.6 to 15.5 kV. The ions

de
were collected from a region near the (110) pole and the background vacuum

9

in the TOF atom-probe FIM was 5x10 ~torr (microscope not baked after the

specimen was inserted through the specimen exchange device). The total

+ i :
number of Mo 2_events in this histogram is 696. This constitutes 0.322.

2 +3

+ . .
of the total number (2157) of Mo “, Mo - and Mo+h.events observed in this

run.
A ‘blow-up of the Mo 3 portion of the spectrum shown in Fig. 21.

A spectrum for a W-25at.% Re alloy, between O to 100 amu, recorded at a
. . 5 . .

Tt of 25K in a background vacuum. of V5x10°

+ + +h . :
consists of W 3, Re+3, W h, Re+h.and Ne+.

torr. Note that the spectrum

~ o 4 4
A blow-up of the W 3 and Re+3 portion of the spectrum shown in Fig. 2k.
| | 185

Note‘the‘clear'séparation of the two rhenium isotopes Re™

187 .

and Re’.

from the five tungsfen isotopes.

185

A composition prdfile for the Re isotoﬁe in the W-25at.% Re alloy.

The integrated number of events in the range 61.6'to‘62.0'is plotted
as a function of the integrated number of events in the entire W-Re 3
peak from 59.9 to 65 amu. Since the integrated number of events is

plotted, the slope of a straight line from the origin to.the end point

gives the overall average concentration of 10.7%.
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o

FIG. 27: A composition profile for the Re187 isotope in the W-25at.% Re alloy.

The integrated number of events in the range 62.3 to 62.6 are plotted
. _ .3

as a function of the integrated number of events in the entire W-Re

peak from 59.9 to 65 amu. The average concentration is 14.7%.
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