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CHAPTER I

AUGER SPECTROMETRY

Physical Basis

An atom, ionized by the removal of inner shell electrons returns
to its ground state thrbugh_an outer electron drobping into the wvacant
position. The energy released in this transition appears either as an
X-ray or an Auger electron which is released from the outer shells.
Therefore, the Auger electron originates from é radiationless process,
and its energy as derived from the re-arrangement of the orbital elec-
trons, is characteristic of the parent atom.

The two de-excitation processes compete, with the probability of
Auger electron emission decreasing with increasing atomic weight. For
the lighter elements such as Carbon the probability.for de-excitation
through Auger electron emission is approximately 95%.

Since Auger electron emission energy is a characteristic of the
parent atom, it is clear that a spectrum of emission energies from a
material sample will give information as_ﬁo the atoms contained within
it. One way to initiate the ionization process is by the bombardment of
the surface with electrons. Since penetration into the sample will fall
off rapidly beneath the surface, then this particular excitation method
will give mainly information about the atoms at or near the surface when
one examines the reflected energy spectrum. It is therefore for the
particular purpose of e#amining the surfaces of materials that Auger

Spectroscopy has been developed. This paper describes the development
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method used in the realization of a practical Auger Spectrometer.

Operating Principals of the Auger Electron Optics System(4)

In Figure#l a primary electron beam is used to excite the target
while the hemispherical electron energy analyzer measures the energy spec-
trum of the electrons emitted from the excited target. Electrons striking
the target are either elastically scattered or transfer energy to the
atoms of the sample. It is the de—eﬁcitation process of these atoms which’
yield the characteristic Auger electron spectrum.

The primary electron beam serves only to produce Auger electrons
in the target. The main requirement of the beam is that its energy be
sufficient to produce the Auger electrons. The higher the beam current
the more Auger electrons are produced; while the beam usually impinges
upon the target at a grazing angle of approximately 15o to localize ﬁhe
excited electrons to the surface.

The grid structure sorts electrons according to energy by inter-
posing a potential barrier between the collector and target. Electrons
with energies greater than the potential barrier reach the collector. In
order to get an accurate measurement of the total energy of the emitted
electrons, the electron trajectories must be parallel to the direction of
the retarding field. It is also desired that.as many of the emitted
electrons as possible be collected. This requires that the grid strnéture
have as large an angle of acceptance as possible. These requirements
are fulfilled by using a small target at the centre of curvature of a
spherical collector. -The particular commercially available grid struc-

ture used for the spectrometer in this report is the Physical Electronics
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Industries "PHI-15-180". It is a four-grid hemispherical unit with the
two centre grids tied together to férm G23. The outermost and inner-
most grids act as electrostatic shields. By tying the two central grids
together the region between them becomes an equipotential which achieves
a more definite height and shape to the potential barrier. This allows
for resolutions in electron energies of approximately 0.5%, and the maxi-~
mum negative excursion which is used as an indicator of an Auger transi-
tion can be determined within the range of 1.0 volt. The collector is
biased positively such that any electrons surmounting the potential
barrier will be attracted to it. Figure#3 shows the potential variation
through the analyzer.

A better understanding of the operation of the optics can be ob-
tained by expanding the total collector current in a Taylors Series about

(1)

the retard grid potential E In general we can write

o
BIC BIC
I(E) = I(EO) + Ec— AEc + ﬁ—c—;— AEG
Es o
2 2. :
9 1 971 | .
+ Zi 2° (AEC)2 + 2L 2° , (AEG)2 (1)
: aEc : BEG .
EG . EC
L NP P

If the collector potential E, is kept a constant as is the case in Auger

spectrometry, then the expansion becomes simply

2
'BIc # 0 1 :a'Ic 2 -
I(E) = I(EO) +o— AEG + o7 > (AEG) (2)
: 3EG BEG
E E
C c
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where AEG = E-EO. The term I(EO) is the total collector current and
represents the number of electrons with energies greater than EO and
less than or equal to the energy of the primary incident beam. The
9I(E) . sl ogsdid
texrm 3. gives the energy distribution of the electrons, and the term
G
221(8) it s : :
— is the first derivative of the energy distribution and the curve
OE
G

usually plotted for Auger spectrum analysis. These derivative terms are
obtained electronically by superimposing a sinusoidally varying term

onto the D.C. retard voltage applied to the grid G If we let the term

23°

AEG = A sin wt-—E0 then the collector current may be expressed as

oI
_ e .
IC(E) o IC(EO) + A . sin wt

BEGE .-
c’'Gc 0

2
c 1

1
( 5~ 5 cos 2wt) + .... (3)

d

H

LA
4 '3E2

@

EC'EG=E0

Therefore we see that the desired derivative term is proportional to
cos 2wt which is at a first harmonic frequency of the sinusoidally varying

collector current. As the retard potential is swept the magnitude of the
921

derivative S will vary according to the number of Auger electrong with
OE

transitions at the particular retard potential.



Equivalent Circuit of Electron Analyzer

Figurep4 (b) represents the electronic equivalent of the hemis-
pherical grid structure. The basic transfer function from target to

collector is represented as a voltage source A(T.S)VG in series with an

23
effective collector resistance.rc. This is the same as the equivalent
6f the ideal triode except for the texm A(T.S.) which is included to
remind one of the importance of the Taylors Series expansion in Auger
Spectroscopy. The collector resistance is given as

(1)

r = = ’ (4)

= EG=constant

A plot of the D.C. transfer function is given in Figure:5 from which one
can see the large value of L

Also included in the equivalent circuit are three interelectrode
capacitances which will exist in any such tube structure as we are con-
sidering. Attempts are usually made in designing the grid structure to
minimize the values of these capacitances, since they provide undesired
coupling between grids. In the case of the grid structure used here the
two grids Gl and G4 are kept at ground potential w.r.t. a.c. variations.
The most important of the interelectrode capacitances is the capacitor
CG23—c since it provides a means of cougling signals from G23 to the
collector independent of the beam current; and it is the yariation in
beam current that provides the desired Auger information.

A simple analysis of the effect of this capacitance can be ob-

tained by considering it as a simple triode amplifier. The output voltage

between the terminals C and g is simply given by‘VO = IZ where I is the
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short~-circuit current and Z is the impedance seen between the terminals
e 1 ; .

C and g. In determining Z( ) we consider voltage sources as short cir-

cuits, and therefore we see that Z is the parallel combination of the

imped di t & d .

impedances corresponding to Z, q—g'rc an CG23—c

Thus

L c~g YG23-—c N 9c (3)

h Y = = i :
where Y l/ZL admittance of ZL

Y = jwcc_g = admittance of capacitance Cc—

= admittance of capacitance CG23—c

g ='l/rc = admittance of collector resistance.

The current from collector to ground for a short circuit between

these terminals is given by

- —ngi L vi YG23—c (6)
oI
where g = < ‘1 = mutual conductance.
m 8VG23
v

C

The corresponding output voltage will then be
S I TV ¥c23-c
Xt Yq~g + X

vV =1z = I/Y (7)

c23-c * e

Now, if the interelectrode capacitances were zero then‘V0 would become


http:correspondi.ng

V! where

'?ﬁvi
¥V & =Fa= (8)
+
0 YL gc
From the last two equations above it is made clear that the effect of the
interelectrode capacitance CG23—c is to add a component to the output yol-
tage which is independent of the current reaching the collector from the

target. Note that this "feedthrough component" from Y is at an angle

G23-c
of 90° with respect to the desired component.
The value of the interelectrode capacitances was measured using

a Wayne-Kerr Autobalance bridge, and special low capacity leads in order

to get good accuracy. The measured values were

Ce23-c = 1-3Pf
Canzeg = 62 PE
Coeg = 158 pf

Although the offending capacitance C is very small (due to the screen-

G23-c

ing action of the grid G4 which is tied to ground), its effect upon opera-

tion of the Auger spectrometer can be very detrimental. This can be seen

from the equation for V_. The magnitude of VO is

0
2 2
g+ (wc )
_ e G23-c v
(.Z; + ;—;—) + fwlcyy ot Cc_-g)j

[oT
Now the mutual conducance g ™ (BVC )
G23 Vc



Az
Avc (10) and in average operation of the tube the term AIC will

G23|V
C

e -

be in the range of .0lpA for a change ofA‘VG23 of 1 volt. Therefore the

16 14

; Z . - - '
approximate value of - will be in the range of 10 to 10 . Most

spectrometers have modulating signals superimposed on the G23 retard

voitage with frequencies in the range of 500 Hz to 4 KHz. This frequency
range is determined by two factors. The lower end is dictated by the desiré
to keep bothersome 60 ~ 120 Hz hum from interfering in the measurements.

The second consideration is to get as good of an average as possible for

the output readings in any given energy region.' This requires higher
modulating frequencies. In the spectrometer used in this repoxrt the wvalue
of the fundamental of the modulating frequency was chosen as 3 KHz. For

16

this frequency the magnitude of (wC )2 is 6.0x10 ~~. Therefore the

G23-c
feedthrough component is of the same approximate magnitude as the desired
component from the target current. This is to be contrasted with the

. Currents

usual manner in which tubes are operated where 9 >> wCG23_C

leaving the target in an Auger spectrometer are typically 10 v 10qﬁA,
whereas cathode currents in thermionic emission tubes are n 1-10MA. The
smaller currents in Auger spectrometry are necessitated by the need to
minimize surface damage of the surface under study. This being the case
it is usually necessary to rid the analyzer of this undesired feedthrough
component by a neutralizing circuit. This was found to be definitely

the case for the analyzer used in this report, and the major effort needed
to realize an operational spectrometer was based on the deyelopment of a
proper neutralization circuit.

Another consideration of primary importance in the design of an
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Auger spectrometer is that associated with the distortion of the modulating
source. This can easily be seen as follows. As indicated earlier, the
basic method used for detecting Auger transitions is by selecting the
component of current at the first harxmonic (i.e. the component at twice

the frequency) of the modulating frequency. This component of current
exists due to the manner in which the electronics is theoretically sup-
posed to work_(i.e. by making a Taylor's series expansion of the current
about a given D.C. retard potential) and has nothing to do with dis-
tortion from the oscillator used to produce the modulation. If the

oscillator distorts then the signal applied to the grid is given by

Vi = A sin wt + B sin 2wt + C sin 3wt + .... (11)
This first harmonic component of voltage due to the distortion will feed

through to the collector by means of C This component will be at

G23-c”
the same frequency as the desired component due to Auger transitions.
It's phase relative to the Auger component will be dictated by the phase
difference between the fundamental and first harmonic of the modulating
signal. Since the amplitude of the firs£ harmonic component due to the
current will vary with the Auger transition, it is thus clear that cer-
tain of the weaker transitions may be completely masked by the distortion
feedthrough component.

Thus ,there exists two basic considerations in designing the elec-
tronics used in Auger Spectrometry. The most important one is the design

of a proper neutralizer circuit for the capacitance C and the second

G23~c’

is the design of a low distortion oscillator to produce the modulating
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signal for the grid G The next section describes the approach and the

23"

circuits derived to fulfil these requirements.



CHAPTER II

AUGER SPECTROMETER ELECTRONICS DESIGN

1l. The Neutralizer Unit

In order to rid the collector signal of the feedthrough created

by the finiteness of the capacitance C ot @ neutralizing circuit was

G23

developed. Figure #6 shows the schematic diagram of the unit.
The circuit presented here accomplishes neutralization through a
so-called "inductive-arm" network. The fundamental requirement for proper

operation of this unit is the constancy of the capacitance C —cr as @

G23

function of applied plate voltage, retard voltage and analyzer current.
Experiments carried out indicated that the value remained a constant with-
in 1% for plate voltages of 0 to 300, retard voltages to 1500 volts; and
beam currents from 0 to 601A. Neutralization is accomplished by genefating
an external signal which is identical to the feedthrough voltage on the
collector. This signal is one input to a differential amplifier. The
other input to the amplifier is the signgl from the collector. A dif-

)

ferential amplifier produces an out-put signal given by e

-

g ™ Bi2~8y

where A is the'gain of the amplifier and e, and e, are the signals at the

input terminals. From the discussion above we can write

e(A.S) + e(F.T.) (12)

0
I

e(F.T.) (13)

®
I

11
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. . e = A e(A.S) ' (14)
where

e(A.S) = collector signal due to Auger spectrum
e(F.T.)= collector signal due to capacitive feedthrough from

G23 to collector.

The feedthrough capacitance was given earlier as 1.3 pf. To obtain a
commercially available capacitor of this exact value would be very diffi-

" cult. This problem can be easily surmounted by using the impedance trans-
formation properties of transformers. The basic method(g?'making use of
these properties is shown in Figure 7.' Figure 7(A) shows a capacitance
inserted in the primary of a N:1 step-down transformer. The circuit is
excited by an alternating signal V and the output is taken across the

secondary as V Figure 7(B) indicates that an equivalent output signal

0"
VO can be obtained by a voltage source of strength V/N exciting a capaci-
tance N2 times as large as the capacitance in 7(A). The situation in 7(B)
is easily obtained by placing a capacitance N2 times fhe capacitance in 7(a)
invseries with the secondary of tﬁe stepdown transformer and exciting the
primary by the voltage V. Figure 7(C) shows this schematically and indi-
cates the equivalency of the output signal Vy- In'the case of the Auger
‘spectrometer the signal V is that from the modulating oscillator.

Thus, for a feedthrough capacifance of 1.3 pf the required capaci-
tor in the secondary of the second step~down transformer will be N2(1.3)pf.
In the circuit of the neutralizer built the value of N is 20, so the

capacitor is 400(1.3) = 520 pf. Because of the non-idealness of the trans-

formers (i.e. shunt resistances and capacitances associated with the
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windings) it is not possible to produce a practical working circuit
exactly as indicated in Figure 7(C). In the actumal neutralizer circuit
of Fiéure 6 a more sophisticated network is connected to the secondary of
the inductive-arm transformer. The network consists of a 100K variable
resistor in series with a 365 pf variable capacitor. Shunting the capaci-
tor is a series connection of a 975 K resistor and a 50K} fen—tﬁtn‘
potentiometer. The tap on the potentiometer supplies the neutralization
signal supplied to one of the inputs of the differential amplifier. This
network allows complete freedom in varying the magnitude and phase of the
neutralizing signal. The.differential amplifier used in the neutralizer
is of a standard design and is built to supply a gain of 100. This circuit,
when connected to the Auger spectrometer and properly balanced was found
to be capaple of reducing the feedthrough effect to below 1ﬁv with a time
drift measured in the range of 2uV/week.

2. The Modulating Oscillator(s)

As indicated earlier, the range of modulating frequencies commonly
used in Auger spectrometry is 500 Hertz to 5 Killohertz. .In the spectro-
meter designed in this report, the frequehcy chosen was 3 KHz. For these
low frequencies the Wien Bridge Oscillator is found to be an excellent.
sine-wave generator from the standpoint of low distortion, cost and size.
The former consideration is the most iméortant in this application.as
harmonics will produce intermodulation and masking signals at the collector.
One of the major problems associated with this type of oscillator is am-
plitude stability, and many circuits with automatic gain control in the
feedback loop have been proposed. One suggested in reference 5 was used

to build the modulating oscillator. TFollowing the presentation offered
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there the basic operating principal of the oscillator is as follows.

(5)

Referring to Figure 8 and assuming that the output signal
e is a sinusoid, then the feedback ratio of the bridge is by the simple

voltage divider Z2/Zl+z2 where

z2, = Ry —j/U)Cl and z, = R2(1+ij2C2) (15)

Following normal operational amplifier theory the two inputs will try to

maintain a 0 volt potential difference between them and hence we may write

for the signal at the non-inverting input

"

e . (16)
1 Zl+Z2 0

The oscillation condition is given by a O net phase shift between eO and

e, - Therefore the ratio el/e0 must be real and the imaginary component

of the feedback ratio will be equal to zero. Therefore we have

wORlRZC2 -~ 6561- = 0, and solving for Wy we have

g g an

P e

Usually R = R, C., = C_ and for this case w_ = L and the corresponding
2" 71 2 0 Rlcl
ok

value for

Z iz is 1/3. If the feedback is greater than 1/3 oscillations
1.2 ‘

will grow and if it is less than 1/3 they will decay away. Thus it is most

important to maintain this ratio at the required value.
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Figure 9 shows the rather sophisticated oscillator of reference 1
which provides excellent control of the feedback ratio.

The actual Wien-Bridge oscillator is composed of Rl'cl'RZ'CZ

and operational amplifierA,-This signal is further amplified by-A2 which

supplies the oscillator output. The ocutput level is sensed by the ab-~

solute value circuit of A_ and A,. The amplifier A

3 " acts as an error in-

&
tegrator and becomes stable at the point when the input signal is equal

to the reference signal. The diode bridge is used for controlling the
negative feedback to Al. The gain of the integrator is set by the

capacitor C The choice of C_ is a tradeoff between response time and

3° 3
distortion. Small wvalues of C3 will allow the circuit to stabilize

quickly and large values of C, reduce the distortion of the oscillator.

3
The 47 yf capacitor used in the circuit allowed for second harmonic dis-
tortion of approximately ~64 db for output levels from 1 volt to 15 volts
R.M.S.

The Set-up and Bandpass Amplifier(s)

When the spectrometer Was originally run with the neutralization
unit, it was found that there was sufficiént 60 cycle feedthrough from.
the electron gun control unit to saturate the input stages of the lock-
in amplifier uséd to detect the Auger signals. This being the case, it
was decided that a filter arrangement should be conqected between the
neutralizer output and 1ock—iﬁ amplifier to rid the input signal of the
high amplitude 60 cycle hum. The arrangement used to accomplish this is
shown in Figure 9. It is essentially two separate circuits on one board.

The upper circuit is a two-stage cascaded high pass active filter. The
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lower circuit is a two-stage cascaded active bandpass filter, and is the
circuit which is used in the system when actual measurements are made.
The high pass filter is characterized by a high pass function of

the form

(5)

2
S How .
H(s) = —5— 5 (18)
s” 4 owgs + Wy

with a resultant magnitude function

Glw) = S : (19)

At w = w_ the gain is down 1/0. from its value at W = ©. The value of W

0 0

chosen for this circuit was 1.47l><104 rads/sec which corresponds to a
frequency of approximately 2.3 KHz. The value of o for this circuit is

chosen as 1 so that the frequency w_ represents the -3 db point. The

0
frequency wo is determined through the equation
w. = 1/VR R C.C (20)

0 127172

where in the circuit used here R1=R2=6.8K and Cl=C2=.Ol uf. The high
frequency gain of the circuit can be seen to be unity by noting that the
capacitors are a short circuit for w = « .

This function is realized by the first 310 amplifier in the
circuit. The 308 amplifier in cascade with the 310 seryes to add gain

and curb the high frequency response through the use of the 100 pf feed-

back capacitor shunting the 100K feedback resistor. This arrangement
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constitutes a low-pass filter with a transfer function given by

(5)
H W

st+Ww (2L)

H(s) =

o

with a resultant magnitude function

(5)

2 2 1/2
Ho%0 . -
G(w) = >3 (22)
W +w

0

In terms of circuit components

H(s) = —————— ' (23)

with R, , C

1 1 representing respectively, the feedback resistor and capaci-

tor and R2 the input series resistor. The gain at D.C. is given by H0
where H0 = ~R2/Rl and the -3 db point set at a frequency w=w0=1/RlCl.
For this circuit f0=2ﬂw0=16 KHz and the low frequency gain is 10=20 db.
Thus we see that the first 310 and 308 amplifier arrangement form a high-
low pass filter with a constant gain of 10 for-frequencies between 3 KHz
and 15 KHz. This range covers both the fundamental and first harmonic of
the oscillator frequency (the oscillator fundamental frequency was set at
3 KHz). The second 310 -~ 308 combination is identical to the first. Thus,
the overall gain of the circuit is 100. Since the high pass filters have
second-order transfer functions,the roll-off will be 12 db/octave starting

at fb = 2.3 KHz. Therefore, for the total arrangement the 60 cycle sup-

presion will be approximately 120 db provided no external 60 cycle field
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reaches the input pins. The output of this circuit is then connected to
an oscilloscope and can be used to check for proper tube operation prior
to taking an Auger spectrum.

The second circuit is a bandpass filter(é) with its centre frequency
set at the first harmonic of the oscillator frequency. This is done since
it is the frequency component of the output signal usually desired in dis-
playing Auger spectrums. The particular circuit arrangement used here is
a two-stage cascaded infinite-gain_multiple feedback circuit.

The transfer function for a bandpass circuit is given as

| (5)
. H oW s , ,
Fln] m e (24)

2
s +ouu0s+w0

with a gain function given by

2 2 1/2
Gw= |u(s)| =

w . 2, 2 Wy, 2 =)
G+

The maximum gain H_  occurs at the frequency w=w0 and in the case of the
w
0

Wy

0

bandpass filter the 0 term may be recognized as o = l—where Q =

and w2 and wl are the -3 db points on the.response curve.

In terms of circuit components the transfer function is written as

(5)
E  (s) s(K/R.C,) = | | _
EQ- _ . 14 (26)
in s +(s/R5c4)(1+c4/q3—xR5/Re)+(1/c3c4R5)(1/Rl+1/Rz+1/R6)
The circuit parameters are
(5)
. e bEe s s s 8 . : | .

0 R (l/KRS)(l+C4/C3)—l/R6
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w, = [———(———+———+ (28)
0 R5C3C4 R R R

(29)

1 .
Q =
/RS(l/Rl+l/R2+l/R6)

In making use of this circuit in the spectrometer the following design

simplifications and procedures were used in accordance with reference 1.

Given: o, W = 2wf_

0 0
HO is a free parameter
Choose C=C3=C4 ; R:R1=R5
For this arrangement wo is given as
R.C Yoo

from which the value of R, may be obtained. The value of R_ is then

7 6
obtained from the relationship.
R
R, = — (31)
2-/0,
and the value for R, is determined from the relationship
1 1|1 1 : '
R " R—[?";‘z“”g"] (32)
2 7
For this arf;ngement\Hv = K/Wi (33)
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The value of 0 was chosen as 0.1 and the value of K = RB/R7 was Y10
giving the total value for the gain at centfe frequency as H0 = 10.
Thus, the cascaded pair offer an overall gain of 100 and a Q of 10.
The 60-cycle signal is 2 decades down in frequency from the centre value

fo of the filter. Since the filter is a cascaded second order type the

altenuation/decade is 40 db resulting in an 80 db rejection of the hum.



21

Results:

As pointed out at the beginning of this report, the major re-
quirement for proper operation of the spectrometer was considered to be
the neutralization of the energy analyzer. The neutralizer unit built as
described in this report was connected to the Auger spectrometer. The
output from this unit was fed to PAR Model 121 Lock~In amplifier. It was
used in the £/2 mode with a detection frequency of 6.0 KHz. The sensi-
tivity was set at SOﬁV for full-scale internal meter deflection. The
time constant was set at 3 seconds in accordance with the retard voltage
sweep rate of 0.3 volts/second. The electron beam gun providing the
primary beam was set for an accelerating potential of 3 KeV. A beam
current of 10.0ﬁA was established and focused upon the sample targets
located a? the centre of the hemispherical grid structure system. For
these runs the oscillator used was a Hewlett-Packard tube-~type Wien-Bridge
oscillator. 1It's operation was considered poor at best since its first
harmonic distortion was only 45 db below the fundamental. However, due
to the fact that the high quality oscillator specifically designed for
the system had been assembled in a lock-in amplifier designed by the author,
- it was the only one available. The bandpass amplifier was not used
either, since it was found that careful operation of the focus control
on the electron beam gun could reduce 60—cyc1e hum to the acceptable
level.

The samples used in the test xruns were silicon. Samples 1 and 2
were for silicon prepared with standard peroxiaewamonium hudrcxiae and
pero#ide—hydrochloric solutions. Samples 3 and 4 were given additonal

surface preparation by argon-ion bombardment by using an additional
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built-in electron gun in the system to provide the ionizing source for
the argon gas.

As is evident from the response curves obtained from the spectro-
meter, the neutralizer system operated in éccord with expectation.

Signal magnitudes are in accord with expectation.
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APPENDIX 1

DESIGN OF A LOCK-IN AMPLIFIER

As indicated in Figures 1 and 2 and the results section the major
electronics unit used for processing'the Auger Spectrometer output is the
lock-in amplifier. This device is a phase sensitive detector which de~
tects signals coherent in ffequency and phase with an ac reference volt-
age, rejecting essentially all other frequency components, even noise
many times larger than the signal of interest. It is this last point
which makes it such an attractive device for Auger analysis since in
general the signals of interest have a negative signal to noise ratio.

Dectection occurrs in a mixer circuit. One input, the reference,
is operated in the saturated mode in order to produce a switching effect.
The other input is operated in a signal linear mode. Thus, the mixer
output for these input signals will depend upon phase on frequency
differences between them. If the two signals are of the same frequency
and are in phase, then the mixer output signal will represent the full-
wave rectified spectrum of the linear mode signal. This spectrum con-
tains a D.C. component, and it is this component which is used as the out-
put signal of the lock-in amplifier. The.a.c. components of the mixgr
output are removed by passing the signal through a low-pass filter D.C.
filter.

In Figure 15 is shown a block diagram of the necessary sub-
structures of a lock-in amplifier. Accompanying the diagram are wave-
forms representing the proper input and output signals. for thé different
sub~structures.

The operation of the device is quite straightforward. A high
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quality, low distortion oscillator is used to provide the primary driving
signal to the instrument whose characteristics are to determined. The
oscillator output is also sampled by the harmonic selector. The harmonic
selector will either pass the oscillator signal multiplied by some am-
plification or attenuation factor) or provide frequency doubling at its
output. This feature is to allow for the convenience of measuring teét
instrument output signals at either the fundamental or first harmonic

of the driving signal. The signal from the harmonic selector is then

fed to a phase shifter. This unit allows phase variations from Oo to
3600. It's purpose in a lock-in amplifier is to provide phase matching
between the two input signals to the mixer. Since this condition pro-
vides maximum correlation between fhe two signals, it also provides the
greatest lock-in output signal (for a given input signal to the mixer

.. provided f?om the selective amplifier). Also, by allowing for phase shifts
éne is able to look at vector components of an input signal by exaﬁining
lock-in outputs for 90° phase shift changes. The sharper unit simply
provides square wave pulses of the proper D.C. level and at the frequency
of the phase-shifter output. These square wave pulses are used to pro-
vide the switching action for the mixer unit. The other input to the
mixer comes from the selective amplifier. This unit is a bandpass active
filter. 1It's centre frequency may be set either at the frequency of the
fundamental of the oscillator or at its first harmonic. It's purpose is
to select the frequency componenﬁ of the output signal from the test
instrument which is desired. It provides rejection of the other fre-
quency signals along with 60-cycle hum. The selective amplifier outpuf

drives the signal input pins of the mixer. With this input signal and



25

the sharper pulses both supplied to the mixer, the mixer output wil; con-
sist of a full wave rectified representation of the input signél. A
rectified signal will contain a D.C. level. This D.C. leyel is extracted
by the D.C. amplifier which is simply a low-pass filter with gain. The
output of the D.C. amplifier is then used to drive a chart recorder.

It can be seen that the D.C. level of the lock-in amplifier out-
put will be directly proportional to the magnitude of the frequency com-
ponent being measured by the amplifier. This characteristic makes it the
perfect device for examining Auger spectrums since the magnitudes of the
frequency components at the collector of the Auger optics sysfem vary with
the Auger electron emissions.

Figures 16 through to 19 provide schematic diagrams for the various
building blocks. These circuits have all been tested in breadboard con-
figurations to ascertain their technical correctness. In the following
sections a brief description of the circuits is provided in order to
shed light onto the operational characteristics of this particular lock-
in amplifier realization.

Figure 16 shows the schematic of the selective. amplifier. It is
a two-stage cascaded realization of the infinite gain state-vafiable type.
This configuration makes use of operational amplifiers in the same way
they would be used in an analogue computer realization of transfer func-
tions (i.e. using integrators and summexs) . The general methematical forxm of a
bandpass transfer function was given in Chapter II, Section 3. In terms

of circuit components the transfer function is given as
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(5)

e . B Ps
0l e Rlcl 1.+R3/R4 . , i
By 2 1 Rg/Rg Re - 1
1 s *+s 7o TR v R RERcCC
11 3/ Ry P

Comparing this with the mathematical form of the bandpass transfer func-

tion we see that

Ho = Ry/Ry (35)
( Re 1/2
T (.. —— (36)
0 R.R,C R.C,
1/2
o - L 1+R, /R, (R6R1C1> -
) o l+R6/R5 R.R.C,

R_=R _=R_ and C_=C._.

I desi i i (
n normal design procedures one is given Q and wo, 5=Ro=Rj 1%,

Under these conditions

w, = o= (38)

and R4=R3(2Q—l). Forimore detail on this particular bandpass realization
I refer the reader to reference 5. In implimenting this circuit two
identical bandpass units were built and connected together in the cas-
cade arrangement. This arrangement allowed for a very high degree of
rejection of unwanted signals plus the advantages of accurately controlled
~gain and Q values. The gain per stage of this unit is'20 and the Q

value is set at 9.5. Therefore the overall cascaded gain and Q value

is 400 and 9.5 respectively. The capacitors C1 and C2 can each take on
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two values thus allowing for selection of the particular frequency com-
ponent required. For this arrangement the two allowable centre fre-
quencies are 3KHz and 6KHz corresponding to the fundamental and first
harmonic of the oscillator driving signal. The LM310 which drives Einl
is simply used for buffering and the output 725 adds variable gain
ranging from 1 to 100 in three steps. Therefore total gain of the
selective amplifier can be set between a value of 400 and 40,000.

Figure 17 shows the schematic of the mixer circuit and associated
driving circuitry. The mixer circuit used is the MC 1596 manufactured by
Motorola Semiconductor. It is referred to in their literature as a balanced
modulator. The schematic (to be found in reference 2) reveals it to
essentially be a differential cascade-connected amplifier with constant
current sources. In the particular realization used here the unit is used
with differential input-differential output conditions. The input arrange-
ment allows for doubly-balanced operation and the use of the differential
output essentially doubles the gain of the unit. The upper éair (Ul,U2)
are driven from the shaper circuit which is located at the lower left
of the diagram. In operation, the shaper unit provides differential
pulse outputs switching from a D.C. level 6f 2 volts to 3 volfs. These
level changes are more than sufficient to provide saturation or cutoff
conditions for the upper pair, and in this way provide the switching action
for the mixer.

The input signal to be measured is supplied to the mixer in a
differential mode by the phase splitter located at the upper left portion
of the diagram. The input for the splitter is ;upplied by the selective

amplifier. The use of the variable 470K pots on the phase-splitter
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outputs is to provide for amplitude adjustments needed to allow for
calibration of the unit.

Figure 18 gives the schematic diagram of the harmonic select and
phase shift module. It is, as far as I am aware, a completely novel
arrangement for providing the functions. It consists of 2 CD4046AE phase-
lock loops and one D-type flip-flop. These parficular components are manu-
factured by RCA CMOS division. This particular phase-lock-loop has the
feature of offering two compacators designated as compacator #1 and

-cbmpacator #2. Phase compacator #1 is an exclusive ©F type and produces

a 90? phase shift between signal in and V.C.O. out when the signal in is
locked at the centre frequency of the V.C.0. Within the lock range of the
phase lock loop if either the V.C.O. centre frequéncy or the signal in
frequency is adjusted the result will be a change in relative phase shift
other than 90° between signal in and V.C.O. out. Since the unit is operated
within its lock range_the V.C.O. frequency will not change. At the extremes
of the lockérange the_reiative phase shifts will be 0o and 1800. Linearity
of phase shift with variation of V.C.O. centre frequency is found to be
much better than 1%. Hence, this unit, using phase comparator #1 provides
excellen£ phase shift capabilities. The.signal in can be either pulse or
sinusoidal, and the V.C.0O. output is of course pulse. If the signal is

of sufficient amplitude to cause the comparator #1 to change logic states
then it can be coupled directly into the signal input. If not, by placing

a capacitor in series with the input lead one can make use of an internally
supplied amplifier to provide the overdriven state for the phase com-
parator #l1. The centre frequency of the V.C.O. ié set.by Rl and Cl,vusing

tables supplied by the manufacturer. The 1 M)} resistor designated R2'
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in the diagram simply offsets the minimum frequency of operation of the
V.C.0. for maintenance of a lock condition with the input signal. By
varying the resistor Rl through its range the phase shift between signal
in 2 and V.C.O0. output 2 will vary from between 0° and 180°.

The phase lock loop shown in the upper left of the diagram is used
in conjunction with the D-type flip-flop to provide harmonic selection.
In this circuit the phase comparator #2 is used. This comparator has the
feature of adjusting itself to a 0° phase difference between the input
signal and V.C.0. output when the phase-lock loop is in the lpcked con-
dition. Again, the centre frequency of the V.C.0. is set by Rl and Cl'
In this case the centre frequency is adjusted to 10KHz, and the lock range
for tﬁis arrangement is given by the manufacturer as 0 Hz to 20KHz. The
loop bef&egn the V.C.O. output and the comparator input is'either direct
" or contains the flip-flop. The direct connection allows the V.C.O. to
operate at the frequency of the signal input. If the flip-flop is inserted
the V.C.0. frequency is divided by 2 before being applied to the com-
parator input. This will cause the V.C.0O. to double in frequency in
order for it to reachieve the locked condition. Thus, this type of
connection provides the required frequency doubling needed for harmonic
analysis.

Figure 19 simply shows the D.C. amplifier. The first 741 circuit
arrangement is a differentiaiiy connected single pole low pass filter.
The -3 db point is set by the parallel resistor—capacitor combination in
the feedback loops. For the values giyen this point is at 10Hz. The D.C.
~gain provided by the stage is set b§ the ratio of the feedback resistors

in the 741 to the load resistors in the mixer. - The feedback resistors
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are 500K and the load resistors are 5 K. Therefore, the D.C. gain is
100. Also, since the stage is operated differentially, the effective gain
will be 200, if one uses the D.C. level present at either load resistor

for the value of the input signal. The gain through the mixer was adjusted
to be 1, so that the input signal to the mixer has to be 43.millivolts
R.M.S. to provide for a 10 volt D.C. level at the low-pass filter output.
The variable pot arrangement attached to the inverting input of the filﬁer
is used to provide D.C. offsets. The second 741 low-pass filter is used

to provide additional a.c. rejection. The total rejection provided by

the combination is 12 db per decade. The D.C. gain provided by the second

741 is set at 1. The output signal is sent to a meter and a recorder.
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Figure 11 Auger spectrum of sample #1.
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Figure 12 Auger spectrum of sample #2.
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Figure 13 Auger spectrum of sample #3.
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