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ABSTRACT 

The original analogue squarer for mass scale linearisation in the Ion 
Microprobe Mass Analyser (IMMA) has been replaced by a programmable digi
tal squarer system which permits reliable mass number identification 
throughout the tested range 1 to 240. The digital squarer provides sig
nals to both a digital direct reading mass number display and to an X-Y 
recorder where it provides a linear mass scale correct to witnin 0,3 mass 
units. An additional output to a computer can provide binary or BCD mass 
number data. 
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1. INTRODUCTION (cf. Figs 1, 2 and 3) 

In its original configuration the ARL Ion Microprobe Vass Analys
er 1) (IMMA) is equipped with an analogue squarer for conversion of the 
amplified Hall probe output H from the secondary magnet (which should be 
proportional to the magnetic field intensity B) into a mass number - pro
portional signal which can be used to drive the base line on a X-Y recorder 
for mass spectral recording. The fundamental relationship M « B 2 between 
mass number M and magnetic field intensity B is distorted by offsets and 
non-linear amplifications such that the actual relationship between M and H 
is not strictly square, thus resulting in significant deviation of the base 
line mass scale from linearity (deviations of up to 5 mass units were ob
served over th? range M = 1 to 200). This leads to uncertainty in mass 
number allocation in complex mass spectra and hence to ambiguous results. 

This very serious problem was overcome by the use of a programmable 
digital sqLarer module using EPROM's (i.e. Erasable Programmable Read-Only 
Memories) which were programmed to output the correct M vs H relationship 
after thi relationship had been experimentally determined. The EPROM's 
are addressed by an analogue-to-digital (A/D) converter, and feed their 
contents to a digital-to-analogue (D/A) converter. The module has three 
outputs: 

to a digital mass number display (using l;ght-emitting diodes), 

to an X-Y recorder for mass spectral recording, where it provides 
a linear mass scale correct to within 0,3 mass units, 

a third for a computer link-up to which it can feed binary or 
binary coded decimal (BCD) mass number data. 

This report aims at providing all information required to copy our 
design for successful application in other IMMA's. 

2. DESIGN CONSIDERATIONS (cf. Figs 1, 2 and 3) 

The design considerations fall into two categories, viz instrument-
related but external to the digital squarer system, and those related to 
the digital squarer system itself. 
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The first category comprises all those influences which cause a se
condary ion beam of a given mass number to be deflected out of the detec
tor slit without the magnetic field intensity being changed. These were 
found to be the following: The electric sector voltage, the electric sec
tor bias, the vertical beam alignment setting, the sample-to-electrode 
(pick-up) distance and the primary magnetic field intensity (through 
field leakage). The sample voltage had no measurable effect on this re
lationship (<0,1 mass units for 200 V variation up or down from 1500 V), 
but was found to give highest signal from a 6 3 C u + line for 1520 V. For 
the same line and sample voltage the following line shifts relative to 
the detector slit (0,125 mm width) were measured: 

For the electric sector 0,2 mass units for plate voltage 
changes from ±150,0 V to ±151,0 V (this corresponds to 3,4 mm 
beam shift at the detector slit) and 

0.04 mass units for Dlate voltage changes from ±150,0 V to 
+149,0 V and -151,0 V (i.e. bias). 

For the vei tical beam alignment setting 0,7 mass units for a 
full scale change. 

For the sample-to-electrode dist .nee 0,1 mass units for each 
0,2 mm variation. 

Switching the primary magnet from passage of a 20 keV I*°Ar+ 

beam to zero field was found to cause a shift of 0,4 mass 
units of the 6 3 C u + line. 

It should be noted that these line shifts double (in mass units) for 
lines near M = 300. It was found necessary to fit new power supplies to 
the electric sector plat.p* with a specif :ed stability of ±25 mV. Perma
nent digital voltmeters were installed to monitor the settings. 

The design considerations for the digital squarer system itself are 
concerned with the stability requirements for the power supply and the 
voltage references for the A/0 and the 0/A converters. These stability 
requirements are specified by the manufacturer and depend on the digital 
resolution. For a 12 bit A/D converter the recommended stability of the 
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voltage reference is 10 ppm/°C. The required stability of the power sup
ply was not specified, but a choice was made from a range of power sup
plies normally used for digital application with guaranteed line regula
tion of within 25 mV for the +5 V output, 150 mV for the +15 V output, 
50 mV for the -5 V output, and 100 mV for the -15 V output. 

The A/D and D/A converters are chosen so as to guarantee a minimum 
mass resolution better than the overall resolution expected from the di
gital squarer as a whole. For an overall resolution of ±0,3 mass units, 
it follows that 12 bit converters should be used. These can each provide 
a minimum resolution of ±0,15 mass units, as derived in Appendix 1. By 
using a 14 bit D/A converter the overall resolution can be improved to 
approach that for a single 12 bit converter, i.e. ±0,15 mass units mini
mum. 

3. SYSTEM DESIGN (cf. Figs 3, 4 and 5a, b, c) 

3.1 Description 

The analogue input signal is buffered and fed into a 12 bit A/D 
converter. The 12 bit output of the A/0 is fed into EPROM's. Two 
sets of EPROM's are provided, one set gives a binary output, the 
other a BCD output. 

The output of the binary EPROM's is fed into a 14 bit D/A conver
ter, and the buffered output is an adjustable analogue signal. 

The output of the BCD EPROM's is fed into BCD decoders/drivers for 
direct display on light-emitting diodes (LED's), reading from 000,0 
to 999,9. 

The power supplies are constructed from conventional discrete com
ponents and protected against ovar-voltage and short circuiting. 

The programming of the EPROM's is described in Appendix 2. The 
setting-up and calibration of the digital squarer is described in 
Appendix 3. 
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3.2 Specifications 

INPUT: 0 - 1 V d.c. 
OUTPUT: 0 - 10 V d.c, characteristics determined by EPROM pro

gramming 
Reference Voltages: 10 ppm/°C. 
Controls: ON/OFF switch, various pre-set potentiometers for initial 

and final adjustment. 
Power Supplies: Input 250 V 50 Hz a.c. 

Regulated d.c. output +5V 2 A, -5 V 1 A, 
+15 V I A , and -15 V 1 A 

Safety: Fused at the transformer primary, and crowbar protection 
at the d.c. outputs. 

Cabinet: Elma kit to fit 19" racks. 
Provision for BNC connectors is made on the A/D & D/A board. 

3.3 Components 

Operational ampli f iers : C.A.3140 X4 
A/D converter Intersil EK 12 B XI 
D/A converter Intersil MA 14 BC XI 
EPROM's MSM 2716 AS X8 
Inverters : 74 LS 04 X2 
Line drivers : 74 LS 245 X4 
BCD decoders/drivers : 74 LS 47 X4 
LED displays : MAN 71 A X4 
Reference diodes : Intersil VR 8069 X2 
Transistors : 2 N 3906 X2 

Pre-set potentiometers are of the BOURNS 275 p series ±10%. 

Resistors in critical areas are metal film ±1%. 

Capacitors in critical areas are of good quality ceramic type. 

3.4 Assembly Notes 

1. All earth (ground) points from printed circuit boards, power 
supplies and other parts of the circuit should be connected to 
one common point on the chassis. 
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?. Screening is recommended between the A/D & D/A board and the 
EPROM boards. 

3. The use of digital voltmeters (high impedance) for settinq-up 
and calibration is recommended. 

4. A good quality power supply is necessary to feed analogue sig
nals into the input for setting-up (a 10 turn potentiometer 
across a battery is a possible alternative). 

5. For reasons of temperature stability it was found advantageous 
to mount VR4 and VR6 on the front panel so that the squarer 
can remain in place for final adjustments. 

4. EXPERIMENTAL (cf. Figs 1 and 3) 

To study the effect of the operating conditions mentioned in sec
tion 2 these were varied one at a time and the change of the magnetic 
field measured (by observation of the amplified Hall signal shift) which 
was required to relocate a 6 3 C u + line in the detector slit. A well-focus-
sed (15 wm diameter) 20 keV l*°Ar+ beam was used in the 300 urn x 300 um 
raster mode. 

Investigations of the effect of changing the sample-to-electrode 
(pick-up electrode) distance was started with the sample at a minimum 
distance of 0,25 mm below the pick-up electrode. The distance was then 
increased in small steps and the magnet re-tuned to the 6 3 C u + line each 
time. Unstable 6 3 C u + signals were observed for distances from 0,25 mm to 
0,50 mm, when the signals became more stable. From then on the signal 
was found to decrease at the rate of 1% for each distance increment of 
0,01 mm. The line shift was measured to be 0,1 mass units for each 0,2 mm 
increase in distance. For all subsequent work the sample-to-electrode 
distance was set at 0,53 mm (i.e. just in excess of the proximity at 
which the signal becomes unstable). 

The M vs H relationship was established for the following operation 
conditions: 20 keV **0Ar+ primary beam, 1520 V sample voltage, 0,53 mm 
sample-to-electrode distance, 60% vertical beam alignment setting, 
+150,0 V and -150,0 V electric sector plate voltages. 
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A set of samples was used to provide known positive secondary ion lines 
in the mass range 1 to 240. The samples used were: 

i ) the metals Cu, Mo, Ag, Ta, Au and Pb, from which the respective po
s i t i ve ions were obtained, i n c i s i v e of PbO+ and Pb02+, 

i i ) EN 18 s tee l , from which the ions 2 3 N a + , 2 ; A 1 + , 2 8 S i + , 3 9 K + , "°Ca + , 
5 2 C r + , 5 6 F e + and ( 5 6 F e ) 2

+ were obtained, and 

i i i ) a lanthanum-containing l i thium tetraborate glass, from which the 
ions 1 H + , 6 L i + , 7 L i + , 1 0 B + , H B + , lkfi+ and 1 3 9 L a + were obtained. 

These samples were mounted in a plast ic stub, flush with the sample 
holder such that all samples were at the same vert ical distance from the 
pick-up electrode. Tracks of si lver paint were used to e lec t r i ca l l y con
nect the samples to the sample holder. The glass sample (an insulator) , 
of about mill imetre size, was surrounded by a conducting st r ip of s i lver 
paint. 

One by one the samples were positioned under the l*°Ar + beam and 
their principal mass lines were recorded on an X-Y recorder. The f i e ld 
monitor output was read for each tuned-in mass l ine. For each line 
coarse tuning was done in raster mode and f ine tuninq in point mode. 

After several repeat runs (to establish r e l i a b i l i t y ) , the re lat ion
ship between amplified Hall probe signal H and mass number M was calcu
lated by least squares curve f i t t i n g . The fol lowing th i rd degree poly
nomial was chosen as the best f i t : 

M = 21,75 H3 + 419,06 H2 - 2,094 H + 0,164 

(for 0,050 V < H < 0,836 V for 1 < M < 300). This polynomial was used to 
program the EPROM's in the d ig i ta l squarer (cf . Appendix 2). 

Thereafter, the d ig i ta l squarer output to the d ig i ta l LEO mass num
ber display was checked for deviations by comparing the LEO readout with 
the true mass numbers obtained from the samples. Final cal ibrat ion was 
achieved by the procedure explained in Appendix 3. 
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The digital squarer output to the X-Y recorder was checked by in
vestigating the linearity of the mass spectral recording by means of a 
digitizer board. 2) This device was used to assign mass values to un
known recorded lines by linear interpolation or extrapolation from two 
known reference lines. In the interpretation of the results two sources 
of error have to be taken into consideration, viz the accuracy of the X-Y 
recorder (which is 0,2% of full scale) and the point resolution of the 
digitizer board (which is 0,25 nm). For a dense spacing of mass spectral 
lines these errors are likely to dominate any observed deviations from 
linearity and the accuracy of the digital squarer can only be established 
from a sufficiently wide line spacing. Indeed, the observed maximum de
viations from linearity were 0,8 mass units (m.u.) for a dense line spac
ing of about 1 mm per m.u. (i.e. 300 m.u. full scale) 0,5 m.u. for a line 
spacing of 2 mm/m.u. (i.e. 150 m.u. full scale), 0,3 m.u. for a line 
spacing of 3 mm/m.u. (i.e. 100 m.u. full sc.^le) and 0,2 m.u. for a line 
spacing of 4 mm/m.u. (i.e. 75 m.u. full sctle). From these figures it 
was deduced that the digital squarer itself was accountable for only 
about 0,1 m.u. maximum deviation from linearity. A digitizer print-out 
in the mass range 0 - 7 5 m.u. (i.e. 4 mm/m.u.) produced the following re
sults: 

True mass number Digitizer print-out Error 

1,01 1,07 +0,06 
6,02 6,01 -0,01 
7,02 7,02 0 

10,01 9,88 -0,13 
11,01 10,90 -0,11 
14,00 13,85 -0,15 
22,99 22,75 -0,24 
26,98 26,92 -0,06 
27,98 27,83 -0,15 
38,96 38,83 -0,13 
39,96 39,93 -0,03 
51,94 51,94 0 
55,94 56,01 +0,07 
62,93 62,90 -0,03 
64,93 64,96 +0,03 
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5. SUMMARY AND CONCLUSIONS 

The objective of producing a mass sca^e in the secondary ion mass 
spectra recordings which is of sufficient linearity to enable one to re
liably assign mass numbers to unknown spectral lines by linear interpola
tion or extrapolation from two known reference lines, has been achieved. 
Remaining deviations from linearity are mainly determined by the accuracy 
limits of the X-Y recorder used and by the resolution of any device used 
for final evaluation (e.g. z digitizer board). For our recorder and di
gitizer board the combined maximum deviation from linearity is 0,3 mass 
units for a spectral line spacing of 3 mm/mass unit. 

In addition a direct mass number readout has been provided, using a 
digital LED display, which is correct to within 0,3 mass units throughout 
the tested mass number range 1 to 240. The accuracy of this di'-Dlay de
pends on the maintenance of the operating conditions which prevailed when 
the amplified Hall signal-to-mass number (H/M) relationship was original
ly established. These conditions are: 20 keV **°Ar+ primary beam, +150,0 V 
and -150,0 V on the electric sector plates, 0,53 mm spacing between sam
ple and pick-up electrode, a setting of 60% full scale on the vertical 
beam alignment controls, and 1520 V sample voltage. Except for the lat
ter, all these conditions have some influence on the H/M relationship. 

The digital squarer can also feed binary or BCD mass number data 
into a computer. 
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APPENDIX 1 

MASS RESOLUTION OF 12 BIT A/D AND D/A CONVERTERS 

A/D Converter 

The mass range covered b/ the digital squarer is from 1 to 300 mass 
units (m.u.), corresponding to an amplified Hall probe output of from 
0,050 to 0,836 V, i.e. a range of about 0,8 V. Using a 12 bit converter, 
0,8 V can be resolved ir.to 2 1 2 (=4096) increments or a resolution of 
0,2 mV. 

At the low end of the mass scale (M = 1) the amplified Hall probe 
output was measured to provide 17 mV/m.u. A converter resolution cf 
0,2 mV therefore corresponds to a mass resolution of 0,012 m.u. 

At the high end of the mass scale (M = 300) the amplified Hall 
probe output was measured as 1,4 mV/m.u., corresponding to a mass resolu
tion of 0,14 m.u. This is the minimum (worst) mass resolution for the 
whole mass range (1 - 300). 

The scaling factor for digital output from the ../D converter is 

D/A Converter 

The D/A converter converts the EPR0M output (which consists of ap
proximate squares of the A/D output) back to an analogue signal. A 12 
bit D/A converter can output 4096 of these "squared" values in integer 
form and the question is whether this number is sufficient to provide a 
minimum mass resolution of 0,15 n.u. The answer is yes, as shown by the 
simple calculation below: 

At the high end of the mass scale (M = 300) the two largest integer 
outputs of the A/D converter are 4095 (for M ~ 300) and 4094 (for M 
= 299,86), providing a mass resolution of 0,14 m.u. (as shown 
above). The squares of these integers, scaled by a factor 
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1 9 
SD/A = — — yield the new integers 4 095 x Sp/A = 4095 and 

4094 2 x Spy/\ = 4093, which are fed to the D/A converter. Thus, the re
solution here is sufficient. 

At the low end of the mass scale (M = 1) the integer outputs of the 
A/D converter which correspond to a 0,15 m.u. resolution are 0,050 x 
SA/D " 244 (for M = 1) and (0,050 + 0,15 x 0,017) x SA/D = 257 (for M 
= 1,15). The squares of these integers, scaled by the same factor SQ/A, 
yield the new integers 14 and 16. Thus, the resolution is sufficient 
also at the low end of the mass scale. 



11 

APPENDIX 2 

EPROM PROGRAMMING FOR THE DIGITAL SOUARER 

There are two programmes written in BASIC for calculating mass num
ber values from amplified Hall probe signals. These are named BEPROM.BAS 
and DEPROM.BAS and a listing is given below. 

BEPROM.BAS calculates values ?z a fourteen b H binary number. The values 
are stored in four EPROM's, each capable of holding 2C48 bytes. The lower 
8 bits of the fourteen bit value are held in one EPROM and the upper six 
bits are held in a second EPROM. 4096 values are calculated. 

OEPROM.BAS calculates values in a decimal form and these values are stor
ed as four binary coded decimal digits in four other EPROM's. A total of 
4096 values is calculated. 

The programmes were run on a South West Technical Products 6800 mi
crocomputer. Both programmes store their calculated values in the upper 
part of the memory available to BASIC. The memory block used by the pro
grammes starts at the hexadecimal address $5300 and is continuous through 
to $72FF. 

The most significant part of the calculated values is stored in the 
first 4K block, viz. $5300 - S62FF, and the least significant part of the 
calculated values is stored in the second 4K block, viz. $6300 - $72FF. 

Once the values have been calculated and stored in memory by the 
BASIC programme the programmer must return to the disk operating system 
and load the necessary utility to programme the EPROM's, On the system 
used this utility is named EPR0G.CMD. This utility needs to know the 
starting address of the data to be written to the EPROM. The starting 
addresses are listed below for each EPROM. 

Calculation No Most significant part Least significant part 

1 $5300 $6300 
2049 $5B00 $6B00 
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There are 4096 values ca lcu la ted . The BASIC programmes assume that 

an ampl i f ied Hall probe signal of 0,8365 vo l ts gives a f u l l scale d i g i t a l 

output on the A/D converter . Thus the f i r s t ca lcu la t ion corresponds to 

an ampl i f ied Hall probe signal of zero vo l t s and the last ca lcu la t ion to 

one of 0,8365 v o l t s . 

Programme l i s t i n g 

BEPROM.BAS 

10 MH=212dB 
2 0 ML=25344 
40 FCR A=0 TO 4095 
50 X = A,'*o :?5*O.B3ó5 
6C D= IN7 ( (2 i . 7 5*X*3-i-* i9.062*X»2-2.0927 5-*X-f-0.i6iC6c)*534-0.5> 
7C H=INT(D/25&) 
e.C POKE MHiH 
90 L=D-H*256 
100 POKE fL>L 
1C? PRINT A.r.H.H»ML»L 
110 ML=KL+1 
12C MH=MH+1 
ISO NEXT A 
14C END 

DEPROM.BAS 

10 MH=212'ie 
20 MI.=2534-4 
40 FOR A=0 TC <*095 
5>0 X = A /4095*0 ,B3 f c5 
cO D=INT((21.75*X'2-419.0i>3<X-2-2,09c75*X-.0.164C63)*10*0.5> 
90 P3*IMT(D/1000) 
100 P2=INT(D/iC0)-='3*:0 
n o P I= :NT<D/ :O>-?2* IOC~P2* IO 
120 P0«D-Pi«10-P2*lC0-P2*i00O 
130 H.M = P3*li>+P2 
140 HL=Pl*lt+PO 
15-0 POKE ML,HL 
100 POKE ".H,HH 
170 PRINT A.D:"HEX" 
ieO ML*ML*1 
1*0 r*!H = ̂ x>i 
200 NEXT A 
210 END 
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APPENDIX 3 

SETTING-UP AND CALIBRATION OF THE DIGITAL SQUARER 

Setting-up instructions: 

1. Ground the analogue input and adjust VR7 so that pin 6 of IC10 is 
at zero volts. Remove ground from the input. 

2. Ground pin 2 of IC6 and adjust VR2 so that pin 6 of IC6 is at zero 
volts (<100 P V ) . Remove the ground. 

3. Adjust VR1 so that the ouput of IC7 is at 10,0 volts (before in
serting the D/A converter). 

4. Apply zero volts to the analogue input. Adjust VR4 so that bit 0 
of the data address flickers between 0 and 1 (0 volts and 5 volts) 
with all other bits at zero. (The LED display should not be used 
becauáf» its resolution is not good enough.) 

5. Apply 1 volt to the analogue input. Adjust VR5 (coarse) until bits 
3 to 11 are high and bits 0 to 2 are random but not all high. Use 
VR6 (fine) so that bits 1 to 11 are all high and bit 0 flickers be
tween 0 and 1. 

6. Repeat steps 4 and 5 until input voltages give repeatable results. 

7. Apply various voltages to the input and check that the analogue 
output and digital display give the required results. 

NOTE: Any irregularities can be conveniently detected by feeding 
the analogue output of IC6 into the Y-axis of an X-Y record
er and the analogue input to the squarer into the X-axis. 
Provided that the offset of IC6 has been adjusted to <100 uV 
(see 2.), a uniformly increasing input voltage should then 
produce a "rising staircase" plot on the X-Y recording, with 
each step representing one bit. In this way out-of-step bits 
and missing bits are made visible. 
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Final calibration 

With the digital squarer placed in the final position, the input to 
the device is connected to the output of the Field Monitor (which pro
vides the amplified Hall probe signal), and its output to the socket 
which previously engaged the output pin of the analogue squarer. The 
magnet is then tuned-in on the 6 3 C u + line and VR4 adjusted to give an LED 
readout of 62,9 (i.e. the mass number for the 6 3 C u isotope relative to an 
integer mass number for 1 2 C ) . Subsequently, the magnet is tuned-in on 
the 2 0 8 P b + line and VR6 adjusted to give an LED readout of 208,0. 

Because the adjustments of VR4 and VR6 are not entirely independent 
of each other, it is necessary to repeat the LED readout adjustment with 
the two mass lines several times until both readouts remain at their set 
values. 

Every intermediate mass line should now read correct to within 0,3 
mass units. 
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FIGURE CAPTIONS 

FIG. 1: IMMA lay-out with emphasis on features of importance for pro
per operation of the digital squarer. 

FIG. 2: Block diagram of the IMMA mass number circuit before modifica
tion. 

FIG. 3: Block diagram of the IMMA mass number circuit after installa
tion of the digital squarer. 

FIG. 4: Block diagram of the digital squarer module. 

FIG. 5a, b, c: Wiring diagrams of the digital squarer module. 
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BLOCK DIAGRAM OF MASS NUMBER CIRCUIT (ORIGINAL CONFIGURATION) 
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FIG. 2: Block diagram of the IMMA mass number circuit before modifica
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BLOCK DIAGRAM OF MASS NUMBER CIRCUIT (NEW CONFIGURATION) 
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FIR. 4: Block diagram of the digital squarer module. 



FIG. 5a: Wirincj diagram. 
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CONNECTOR ASSIGNMENTS 
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