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ABSTRACT

A calibration procedure is described for single-atom time-of-flight mass
spectrometers which essentially applies a least-squares analysis to the measured
parameters of voltage, distance and time in order to calculate the actual potential
at the specimen surface, and any time delay associated with the measurements. A
computer program numerically solves the required simultaneous equations by‘

a variation of the Newton-Raphson method, quickly predicting the unknown

desorption pulse amplitude and time delay to an accuracy of one part in 105.
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The Field Desorption Spectrometerl and conventional Atom-Probe Field Ion
Microscope2 are time-of-flight analyzers which can determine the identity of field
desorbed surface species if their energy, flight time and travel distance are
known. Ion production is initiated by applying a short duration pulse of amplitude,
P, to a suitable specimen pre-biased by a DC potential, V. If the duration of the
pulse is made longer than the ion's travel time in the acceleration region near the
specimen, the ion will quickly attain a kinetic energy determined only by the sum

of the DC bias and applied pulse amplitude. That is:

1 2
5 mv,” = ne (V + P) a)

where ne is the ion's charge, and vy its final, or terminal, velocity. Since the
travel time of the ion in the acceleration region between the positively biased
specimen and grounded cathode is always smaller than its drift time in field-free

space, its travel time is, to a very good approximation, just:
T d/vt : -~ (2)
where 4 is the cathode-to-detector distance.
The ion selected for analysis is identified by its mass-to-charge ratio

expressed as a function of the total voltage, travel time, and distance. Combining

equations (2) and (3) gives the desired result:

(E)o =K (V+ P) "2 3)



where

K = 0.123
d
m . . . . . .
and (E>° is expressed in atomic mass units (amu) if Vdc and Vpulse are measured in

kilovolts, T is measured in microseconds, and 4 is measured in meters.

However, because of the specimen's angstrom dimensions and the DC bias which
is usually several kilovolts, the desorption pulse transmission line to the specimen
cannot be terminated with its characteristic impedance at the specimen surface. This
results in an actual pulsg”émplitude at the specimen surface of oP where o is called
the "pulse factor," and represents the result of transmission line reflections.
Experimental difficulties in determining the precise travel time to the needed
accuracy of a few nanoseconds means that the actual travel time, T differs from the
measured time, t, by a "time-delay," 8. Rewriting equation (3) in terms of these

new parameters gives:

)2

(2) =k (v+oR) (et ()

Calibratién of the Field Desorption Spectrometer or Atom-Probe Field Ion Microscope
requires a determination of the pulse factor, a, and time delay,§. The purpose
of this report is to elaborate upon the details of one of two calibration methods
reported previously.3 Experience with both procedures has indicated that the one
to be described is generally the more accurate and the simpliest to apply.

Assume that a species is produced whose identity is known either by field
evaporating the substrate of a single-isotope specimen or by field desorbing a known

adsorbate previously applied to the specimen surface. Further, assume that its



charge state is known from field evaporation theory or comparison with a species
observed previously so that its mass to charge ratio, M, can be calculated. Then
M is just the quantity which equation (4) would predict if ¢ and & were known. One
is interested, then, in minimizing the difference between M and (%)o for each

species observed. In minimizing this difference for i species, the square of the

difference must also be minimized. That is, the quantity

2
TIM-K (V+apP)(t ¢ 6)2] (5)
i
is to be minimized with respect to the unknown quantities o and 5.% This can be

accomplished by requiring that

2

3 2

ZIM-K(V aP)(tié)} =0 6
= ol + (6)

and

3 0|2
-BETZ[M-K(V+O.P)(*5*—6)} =0 (7)

1

where V, P, and t may vary for each species, but are known. Performing the indicated

differentiations gives

and

*For convenience, the subscript i associated with M, V, P, and t has been omitted.



ZM - K (V + oP)(t ¢ 6)2} (V+aP)(tt8) =0 . (9)

In order to calculate the best value of & and §, equations (8) and (9) must
be solved simultaneously. Their complexity requires a numerical solution, which
may be obtained by direct application of the Newton-Raphson method. Reference U
describes the general procedure in detail, which is applied here to the specific
problem of determining o and &. Equations (8) and (9) may be rewritten as

follows:

K2 .z"'k[(v + op) (t + 8)° - f—g] [P (t + 5)2} -0 (10)
K2 ?: [(v + oP)(t + 6)2 - %] [(V + aP)(t + 5)] =0 (11)

where Vi’ Pi’ and ti are the DC voltage, pulse voltage, and observed travel time,
respectively, which correspond to the ith species observed. M is defined as the
mass-to-charge ratio of the known calibration species, and the time delay §

may be negative.

Equations (10) and (11) are of the form:

£ (a,8) =0 (12)
n (a,8) =0 (13)
Let
o0 =0Q + a (lu)
and °
8§ =86 + 4 (15)



where @ and & are approximate values for the pulse factor and time delay, and a

[}

and d are the appropriate correction terms. Substitution of equations (1) and

(15) into equation (12) and (13) and expanding in a Taylor series about a and §,

gives
E(ao+a,60+d)=‘§(ao,60)+a<—aa—-§)+d(§-§-)=o (16)
n(ao+a,60+d)==n(ao,60)+a(—g—3>+d(—2—§)=O (17)

where terms in higher pd%ers of a and 4 as well as their products have been neglected,
sinée the correction terms, a and 4 are assumed small. The subscript "o" attached
to each derivative corresponds to the subscript of a and 6, and indicates that the
derivative is to be evaluated for these values of o and 5.

Equations (16) and (17) may be solved by the method of determinants for the
initial correction terms & and d. These correction terms to a and 60

are just
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A corrected value for a and & can now be obtained from equations (14) and (15), i.e.,

a, =0 +a (20)
5, =8 +4d . (21)

These new values can be used to obtain a further correction, and the iteration
process repeated as often as necessary to obtain the required accuracy. The
calculation is terminated when the correction terms, a and d, are smaller than
some assumed value. The simultaneous solution of equations (10) and (11) by this

method requires the use of the following gquantities:

M.
€(a. 8) =K2 T|(V. + aP.)(t, + 8)2-m=||(V. + P.) (4, + &) =0 (22)
(11 i 1 1 1 K- 1 1 1
€ _ %2 z{(v + o) (1, + 8)° Iil—HP (4 +6)] (23)
3 g ! AN K51 ‘U
0F _ ¢? Z[(V + aP.) (t +a)2-bii-Hv +uP] (2k)
36 i i/\VY K1 i
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1

na,6) = K° >:[(vi +oP) (b, + 6)2-%—HP'. (b, + 6)2] =0 (25)

2

%‘ G i}:[Pi (¢, + 6)21 (26)
an 2 o M
3 () iz[w.l re (e 02 - S py (5 v 0| (27)

The computer program which follows calculates the correction terms a and d that
correspond to the giyen initial values ao and 6°. The resulting corrected values for
o and & are then uséd to generate a second-order correction and the iteration
process repeated until a and 6, at succeeding cycles, differ by less than 1.0 X 10‘5.
In practice, less than twenty cycles are required to achieve this accuracy. The
resulting numbers are then rounded to two decimal places to give final values for
the pulse factor and the time delay. One note of caution is in order. The
effective pulse amplitude, aP, may actually be different for the different observed
species since a species of large m/n will remain in the acceleration region near
the specimen for a longer time than a species of smalil m/n. Thus, its kinetic
energy will be affected more by the exact shape of the desorption pulse. This

means that ideally, one should calibrate using known species having mass-to-charge
ratios close to those of the unknown species of interest, otherwise an average

value for o and § is all that one can hope to achieve.
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PROGRAM CALIR(INPUTsOUTPUT s TAPES=INPUT s TAPE6=0UTPUT )

ITERATION SCHEME FOR DETERMINING THE PULSE CORRECTION AND TIME DELAY
FOR THE FIELD DESORPTION MASS SPECTROMETER.

DIMENSION T(500)sV(500)sP(500),CM(500)

1 FORMATI{3F10e4,413)

2 FORMAT(4F10e4)

8 FORMATI( ' 1 4322Xs144318XsF6e3918XsFB8e5418X5F1048)

11 FORMAT( "D 540X s "M/N = ' 3FTabst (V + ('"sF5eb4st )P)I(T + (1" sF 75,51 ) )¥%2

110 ///729XsT0 (V%0 )/ / /)

12 FORMAT(1H1932Xs!'PARAMETERS FOR FDS CALIBRATION USING THE ASSIGNED
1CALIERATION SPECIESY'///25Xs'PULSE FACTOR = ' sF6e43s02X s 'TIME DELAY
2= V' 3 FBaets' NANOSECONDS!' 304X s 'DISTANCE = 'sF6ats' METERS'////04Xy
30TIP VOLTAGE ' 05X e'PULSE-CABLE VOLTAGE's05X s 'PULSE AMPLITUDE ' s07Xy
LIYMEAS TIME?Y 11X 'CALC TIME?, OB8Xs"CALC TRAVEL TIME!' 05X
51CALC M/NY /06X sV (KYDC) T 914XV (KVDC) "9 15Xs ' CALC (KV)'9s09Xs ' {NANOSEC
EUMDS YT 906X s ' {INANOSECUNDS) ' 906X s (INANOSECONDS ) * »08Xs ' (AMU) Y/ /)

134 FORMATI(I2) ,

17 FORMAT('11'// 09X;VITERATION SCHEME FOR DETERMINING THE PULSE CORRE
1CTION AND THE TIME CORRECTION FOR THE FIELD DESORPTION SPECTROMETE
2RY/3IXsVINITIAL PULSE FACTOR = '3F442s05Xs " INITIAL TIME DELAY = ',
3F643st MICRCSECONDS'///18Xs' ITERATION CYCLE ' s05Xs'CORRECTED PULSE
GFACTOR' 905X s YCORRECTED TIME DELAY's06X s 'MEAN-SGQUARE DEVIATIONV'//)

19 FORMAT(UEX aF5e3014X9F5e3518XeF5e3914X9sF6elsl3XsFbelosladXsFbelsllXs
1F6e2)

21 FORMAT(OLIX///28XsT70(v%*0)//54X,'END OF CALIBRATION')

READ{(551) AsDsDIsKL
A 1S THE PULSE FACTORs D IS THE TIME DELAY (NANOSECONDS)s DI 1S THE

DISTANCE (METERS)SAND KL IS THE NUMBER OF DATA CARDS TO BE READ BY
FORMAT 2,

AINIT = A
DINIT = D
PO 5 T=1sKL

READ(592) CMUT)sPLI)sVII)sT(I)
CM(I) IS THE CALIBRATION SPECIES ASSIGNED TO EACH MEASURED TRAVEL TIME,
P(I) IS THE PULSE=-FORMING CABLE VOLTAGE (KV) CORRESPONUDING TO A TIP

VOLTAGE OF VI{I) IN KVs AND THE MEASURED TRAVEL TIMEs T(I)s IN NANOSECONDS.

NOTE- THE PULSE FORMING CABLE VOLTAGE IS TWICE THLE IDEAL PULSE AMPLITUDE.

AINIT

DINIT
D=Dx#1.0E-073
CON=(2+%4160206)/(1e465979%#(D1#%*2))
WRITE(6+17) AyD
KOUNT=0

4 KOUNT=KOUNT+1
PHI=0,0
PHIA=O.O

5 T(I)=T(I1)*140E-03
A =

2
1
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PHID=0.0
PSlI=040
PSID=040
55Q=040
DO 6 I=14KL

C

C CALIBRATION EQUATIONS
C=CM(1)/CON
TD=T(I)+D
AP=A®P (1)
AD=(V(TI+APY® (TD*%*2)
W= (AD=CIY#P (1Y% (TD*3#2)
W1z (P(T)#(TD®¥%2) ) #%2
W2=(AD={(C/2«))Y*P(T)*TD
X=(AD=CI#(V(I)+AP)I*TD
X2=(AD=(C/Ra) ) ¥ (V{T)+AP)
PHI=PHT+W
PHIA=PHIA+W1
PHID=PHID+W?2
PSI=PSI+X
PSID=PSTD+X2

(

( CALCULATE THE SUM OF THE SQUARES OF THE MASS DIFFERENCES
SSQ=SSQ+( (CMIT)Y—(CON*AD) ) %¥%2)

-

6 CONTINUFE

$5Q=5SQ/KL
PHI=PHI*CON%#?
PHIA=PHIA%CON3*3*2
PSIA=PHID#2 o #CON#*3#2
PHID=PHID®4 ¢ ¥CON*¥%2
PST=PST*CON#*%2
PSID=PSIN*3 e ¥CON#3*?
Q=PHIA*¥PSID-PHID*PSIA

CALCULATE CORRECTION TO PULSE FACTOR
CORA=(PHID*P3I-PHI#PSID)/Q

YA

C
C CALCULATE CORRECTION TO TIME DELAY
CORD=(PHI*PSIA-PHIA*PSI) /Q
C
Al=A
D1=D
WRITF(698) KOUNTsAsDs»SSQ
A=A+CORA
N=D+CORD
E=ARS(A-AL)
F=ARS(D=D1)

~

TEST FOR NUMBER OF ITEFRATION CYCLES
IF{KOUNT«GE«200) GO TO 10



C TEST FOR CONVERGENCE OF ITERATION SCHEME
IF(EeLE ee0N0N1eANDeFeLE«s00001) GO TO 10
C
GO TO 4
1N WRITE(6s11) CONsASD
N=D#*1.NF+03
WRITE(6512) AsDsDI
DO 20 TI=1sKL
P1=A%¥P (1)
Vi=(VII)+P1)*CON
AM=VI*# ((T(I)+(D*¥140F=03))*%2)
TM=T(I)*¥1.,0E+03
TC=CM(1)/V1
TA=SQRT(TC) *¥1.0E+03
TC=TA=D
20 WRITFEF(6919) VII)sP(I)sP1sTMsTCsTASAM
WRITE(6521)

STOP

END

NDeb 0e¢0 «1180 13
1.000 724000 1.521 17040
1.000 2.000 2.000 15740
1.000 2.000 2503 14640
1.000 2000 3,001 13760
1.000 2000 34505 1295
1.000 24000 44002 12440
14000 2.000 445073 11940
1000 2000 5002 112.0
1.000 2.000 He 508 1085
1,000 2000 6,012 105,0
1.000 2000 66505 10345
1.000 2000 TeUlbB 99.0

1,000 2,000 8.004 093.0



1, Computer

A -

D -

DI -

KL -
eM(1I) -
p(I) -~
v(I) -
(1) -
AINIT -
DINIT -
CON -
KOUNT -~
C -

APPENDIX I

Program Legend
The pulse factor, a. For an ideally terminated cable, A = 0.5
evactly oné-half of the pulse-forming cable voltage, P,
The time delay, &, in nanoseconds. The time delay can be
positive or negative and is the time between the time from which
all measurements of travel time are made (fiducial), to the time
the desorption event actually occurs.
The drift distance in meters between cathode and detector; e
constant. If DI is also to be determined, an initial best
estimate of DI is used to predict o and § for one known species
then incremented until, with the corresponding values of q and &,
the correct identity of a second known species is also predicted.
The number of separate events used for the calibration sequence,
which equals the number of date cards to be read by format 2.
The ith calibration species, Mi’ in amu,
The corresponding pulse-forming cable voltage, in kilovolts.
The corresponding DC specimen bias, in kilovolts.
The corresponding measured travel time in nanoseconds.
The initial value chosen for the pulse factor, usually the
ideal value, O.5.
The initial value chosen for the time delay, usually the ideal
value, 0.0 nanoseconds.
The constant, K, of equation (3).
The number of the iteration cycle being performed.

The constant Mi/K in equations (22)-(27).

13



PHI
PHIA
PHID

PST
PSID
PSTA

88Q

CORA

CORD

Equation (25). .

Equation (26).

Equation (27).

Equation (22).

Equation (24).

Equation (23).

The mean of the sum-of-the-squares of the differences between
sctual and calculated mass-to-charge ratios in each iteration
cycle,

The corregfion to the Pulse factor, Equation (18).

The éérrection to the time delay, Equation (19).

The absolute value of the difference between the pulse
factors of two successive iteration cycles.

The absolute value of the difference between the time

delays of two successive iteration cycles.

2. Program Output

The following is the output of the calibration program for the input data shown

after the main program (above). Note that the "calculated travel time" is the

actual travel time of the species, whereas the "calculated time" includes the

time delay, and is equal to the input data shown under "measured time." "Pulse

amplitude-calculated" includes the pulse factor, and "calculated m/n" is the

calculated value of the input species using the calibration parameters. The

input species was, again, m/n = 1.0 (H').

14
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