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INTRODUCT I ON:

The measurement of thermal conductivity of gases goes back as far as
1840, but major studies have started early in the 20th century, In 1912,
LangmuirI studied convection and conduction of heat in gases. Later in 1921,
Shakespear2 constructed an instrument to determine the purity of gas streams,
He called his apparatus a ''katharometer.'" |In 1933, Daynes3 published a book
on gas analysis by thermal conductivity. In 1946, Claessonh measured the
composition of binary and complex gaseous mixtures, Ever since, this method
of analysis of gases has been employed as a major detection system in
conjunction with gas chromatography.

Presentlf used thermal conductivity cells consist of four heat-sensing
elements incorporated into a Wheatstone bridge circuits, and positioned in
a block made of aluminum, brass or stainless steel, heaters for the block,
and a thermocouple to measure the temperature of this block, The_heat
sensing elements, which may be thermistors or fesistance wires, are chosen
so that their electrical resistance varies with temperature. They are
placed in the separate cavities of the block, and heated by & constant
current, Carrier gas must flow through these cavities whenever power is
supplied, to prevent overheating of the filaments,

The temperature of the filaments reaches a certain constant temperatufe
when the heat loss from the filaments to the carrier gas equals the heat
supplied to the filaments from the power supply. Under these ﬁircumstances,
the bridge output is adjusted to zero by means of.one or more trimming
circuits. |

The heated filaments lose heat through radiation, conduction to the

block through the thermal connections, forced convection and thermal



conduction to the gas stream, The latter two processes are usually
dominant, 1f a carrier gas such as hydrogen or helium is used, then heat
conduction due to gaseous conduction dominates. Heat loss is a complex
phenomenon, and it is a function of bridge current, bridge resistance,
thermal conductivity of sample gas and carrier gas, cell geometry, type and
number of filaments,

The thermal conductivity detector is a concentration sensitive detector.
It responds to those gases that have different thermal conductivities than
that of the carrier gas., It would not differentiate betweén different
species with nearly identical thermal conductivities, but it would produce
an additive signal. Better sensitivity and better linearity are produced if
a carrier gas of high thermal conductivity is useds. 0f the two most
highly conducting gases, hydrogen and helium, helium is used because it does
not constitute an explosion hazard,

Since the stability of the detector depends strongly on detéctor
temperature control, the detector block must be controlled within at least
O.OSDC. The temperature throughout the detector block must also be uniform,
Temperature changes at the filaments may be as small as IO"‘+ oCS.

Linearity of response over a wide dynamic range of sample concentration,
Fig. 1, is one of the most important %actofs in the performance and
evaluation of a thermal conductivity detector. Linearity of a detector
largely depenﬁs on operating conditions., Sometimes, the manipulation of the
detector parameters to draw linear graphs may tend to de-emphasize gross
linearity errors’, The linear dynamic range of a thermal conductivity
detector is 10*-fold (up to about I%)s.

The detection limit, which is approximately | ppm for a conventional



thermal conductivity detectors, is defined as the sample concentration
producing a signal equal to twice the noise level, Sensiti'.vity and
detection limit are related but they are no£ synonymous. The achievement of
higher sensitivity does not necessarily mean a decrease in detection limit,
since detection limit may be defined as 2(noise Ievel/sensitivity)s, Fig, 1.

When the sample gas elutes from the chromatographic column, it passes
through the sensing elements of the detéctor, and less heat is transferred
from the sensing elements, [f the temperéture of the block and the flow
rate of the carrier gas are held constant, a change in temperature of the
filament occurs, producing an unbalance in the associated Wheatstone
bridge. This unbalance is recorded as a signal. As soon as the sample gas
is removed from the hot sensing elements, the bridge returns to its original
condition,

The Wheatstone bridge of the thermal conductivity detector is
conventionally powered with a dc current. The output is then also a dc¢
current which may serve as an input signal to a potentiometric recorder,
Most recorders include an input chopper and ac amplification. With a
conventional 1 mV recorder, it appears that the detection limit is
controlled by the recorder, and not by the bridgeg, Fig. 2a. Therefore it
is apparent that a better read-out system is needed,

If a chopper is placed before the bridge, rather than at the output
terminals, the bridge unbalance signal would be an ac signal of known phase
and frequency, which could easily be amplified, aftef which noise signals

could be rejected by means of synchronous rectificationio.

A major
advantage of this approach is the elimination of critical low level

choppers, and rejection of all thermal EMF's in the bridge circuit,



Accordingly, we decided to design and construct an ac bridge supply and
output preamplifier to determine the detection limits attainable with such
an instrument,

If varying current is applied to the elements of the bridge, problems
such as thermal vibrations, and periodic magnetic interactions between the
loops of the filaments may arise. This may not only damage the filaments,
but it may also give rise to thermal noise,

If the voltage supplied to the bridge is sinusoidol ac, power will vary
as a function of time, since power is directly proportional to the square of
the current. The filaments will heat up during the first /4 cycle and
cool down during the next 1/4 cycle, Fig. 3a.

To eliminate the;problems mentioned above, a perfectly symmetrical
square-wave ac shéu]d be applied. This will result in constant power at the
filaments at all times, Fig, 3d, The vertically dotted lines indicate the
transients during the 1/2 cycles. Their effect may be made small enough to
make any variations in power negligible.

If the square-wave ac lacks vertical symmetry, the power delivered to
the filaments will have two distinct values during each cycle of the square-
wave ac, Fig. 3b, Therefore, the vertical symmetry in the applied square-
wave ac is crucial. |If the square-wave ac lacks horizontal symmetry, the
power at the filaments of the bridge will still be constant, Fig. 3c.

The upper two rows in Fig. 3 illustrate the considerations of the type
of ac voltages applied at the inputs of the bridge. A and B have equal

magnitude but they are out of phase by 180°.
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LITERATURE SURVEY:

A number of investigators have studied the problems associated with
enhancing the sensitivity and increasing the detection limit of the
katharomcter., They have attempted to achieve this through mechanical and

electrical means.

11

Extensive work has been reported by Keulemans' ', who verified that the

katharometer sensitivity was largely determined by the amount of current

supplied to the sensing elementslz, cell geometry]3

14

, thermal condqctivity
of the carrier gas °, and the temperature of the detector biockls. Current
increase, which causes a higher temperature difference between the sensing
element and the detector wall, strongly influences the sensitivity, but
baseline stability becomes a limiting factor as to the amouht of current

16, 17. HOFfmann18

that can be emp10yed}]' increased the temperature
gradient by cooling the block, rather than increasing the filament
temperature, |ncrease in current has another drawback: catalytic reacfions
may occur at the filaments at higher temperatures when Hg is used as a
carrier gas. This results in fouling of the sensing elements, whose

ll’lz. This problem can be

sensitivity is thereby masked to a great extent
eliminated by coating the sensing elementé with glass. Under these
circumsﬁances, good sensitivity, low drift, reasonably fast response, and
high mechanical stability of the sensing elements have been reportedlg’zo.
Obermiller et.al.ZI have clad the tungsten filaments with Teflon, and
proved that they were far superior to the bare tungsten filaments. A non-
corrosive thermal conductivity cell made out of glass or quartz has also
been reported, with its sensing elements surrounded by a tightly packed

aluminum powderzz.



It has been shown that a direct relationship exists between the design
of the cell or cell geometry, the location of the filaments in the cell with
respect to the gas stream, and the flow sensitivity of the time constant or

8’23. 0f the three types of cell designs

response time of the detector
which are illustrated in Fig. &4, the self purging produces the best time
constant, which is directly proportional to the volume, and a low flow
sensitivity., With: the modified design of diffusion-type four-filament cell,
the signal is independent of flow rate fluctuations at flow rates higher

than a certain minimum valuezu.

Soma et al.?? have achieved lower detection limits with thermistor
sensors, They enclosed one of the sensing elements in a cavity covered with
a membrane permeable to gases, while the other one was contained in a cavity
covered with an Impermeable membrane. These authors obtained rapid response
time and noted a decrease in detection limit dué to self-heating effect of
the thermistors with currents of about 2 mA, Temperature differeﬁces were
measured with a differential amplifier; the noise level was !ess.than 0.1 FV' 

Sensitivity of the filaments has been found to be roughly proportional
to the product of the resistivity, o, and the square root of the
temperature, T, of the wire, Platinum and tungsten are the most popular
metals used for the sensing elements, Bismuth and antimony have the highest
product of the two properties mentioned above, but unfortunately these
metals cannot be drawn into wire'l,

The use of V-shaped filaments to achieve higher sensitivity has been
reported in the iiteraturezs, but the most common desfgn has beeﬁ the

helical type which permits the insertion of long wires into the small bores

of the detector b}ock‘]. Different sensitivity values have been reported
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for filaments coiled into single and double helices27,

Efforts have been made to minimize the dependence of the sensitivity on
the flow of the gas stream. Two fine metal screens have been wrapped
around the thermistor bead. The inner screen decreased the effect of the
gas flow at least 10-20 fold, while the second screen eliminated the effects
arising from mechanical vibrations. The transient output of the detector at
the time of sample introduction was 20 PV compared to 2 my for the unscreened
thermistor, When another screen was added, the response to the pressure
transient on injection was | PV28’29'30. Mode113! placed the sensing
element, a thermistor or a hot wire, in the center of a cylindrical screen
bed packed with hollow glass-Spheres, particle size of about 30-~125 p- The
sensing element then was placed perpendicular to the gas stream. The
reference element was supplied with gas from an independent source., The
author reported that sensing elements became relatively insensitive to flow
above gas velocities of 30 cm/sec, The response time of the packed-bed
sensing elements was 1.5 times that of the séfeened thermistor at high flow
rates. The noise level in laminar fiow was not measured, Ih turbulent flow,
the packed-bed is superior; noise level was about 0.2 mV because turbulence
cannot penetrate the packed-bed, and only heat loss from the screen varies,
This variation becomes unimportant as thermal resistance from the screen
decreases with increasing flow rate.

Better detection limits are also attainable through proper modifications
of the power supply to the thermal conductivity cell, mechanical variation
of the Wheatstone bridge, and handling of the output signal, Hannah32
replaced the zinc-carbon 3-volt dry cell battery with an 8. 4-volt

nickel-cadmium battery. The latter is advantageous in that it supplies



steady power and it is rechargeable. Littlewood33 connected a resistor in
parallel with the sensing elements and another resistor in series with them
to reduce baseline drift, He also eliminated the problem arising from ’
temperatﬁre and voltage controls, and consequently achieved a better
detection limit,

Above the self-heating point, thermistors have a negative incremental
resistance., This may give rise to a negative output impedance of a
Wheatstone bridge, with potentiaily very high gain under !oaded conditions.
Attendant time constants make this impractical34. The Du Pont=-ERL
bridge30'33 was developed to null out power supply noise by matching noise
sensitivities. This Is done by unbalancing the. currents in the two legs in
such a way that the response of two thermistors to power supply noise are
equal, The same approach can be used for temperature variations. The
-advantage of the Du Pont-ERL bridge is in that it nulls out either the noise

134 uses the Du Pont-ERL

arising from the current or the temperature. Buh
technique to attain a temperature null and adds resistors in parallel with
the sensing elements to achieve current nulling. With this, the bridge
would always have a non-zero output which can.be remedied by a dc offset
system, although with sub microvolt output signals, stability may be hard
to achieve. . |

Madden et al.3> observed that a thermal conductivity bridge powered by.
ac produced é poor resistive balance. With 50-cycle ac power, they obtained
a good residual balance potential. By placing a Twin-T filter tuned to
150 Hz in the amplifier circuit, they removed the 2nd harmonic signaf and

thereby improved the null point of the thermal conductivity bridge.

Attempts have been made by a few investigators to amplify the dc output



of the thermal conductivity bridge36’37. Burg et 31.37 placed a manganin
resistor across the amplifier to reduce the input impedance. Bennet et
al.36 did not have a feedback circuit on their amplifier, so that
amplification varied as the attenuation of the bridge changed. They
reported the effective full scale to be between 40-1000 PV, but chose a

25 FV range for the experimental work., The noise level at the bridge was
given as 0.1-0.2 Pv. A drift of about 5.0-10.,0 PV was noted. Fluctuations
at the thermistors were the_ primary reason for the drift. The amplifier was
linear at signals less than 300 pv.

in view of the complications and sensitive instrumentation required
when dc operated thermal conductivity defectors afe used, Furst et al.38
employed an ac current produced by a2 1000 Hz vacuum tube oscillator to
operate the katharometer, The current was amplified by a second tube and
coupled to the bridge by a center-~tapped transférmer to give a push-pull
drive. The authors indicate a variation of sensitivity through gain control
and also the possibility for logarithmic response through use of remote
cut-off tubes; indicating that their amplifier was probably opeﬁ-loop, 50
that they must count on gain stability. The bridge output was rectified
without phase discrimination, i.e. bridge unbalance in both directions
would give a positive dc output. There is no claim for increased
sensitivity.

Kieselbach30 studied the various sources of noise in thermistor
detectors and verified that the principal contributors were external to the
thermistor, These are bridge-current, flow, ambient temperature variations,
shock and vibration, The author eliminated leakage to ground ip the wiring

by bringing the common mode of the detector bridge output to ground



potential; mismatch of the resistances of the thermistors was decreased by
operation at the same temperature rather than at the same current.
Kieselbach improved stability at the expense of a small loss in sensitivity
by having higher resistance loads which minimized the effects of stray
resistance and thermal emfs in cables and connectors between the detector
and the remainder of the bridge circuit. The noise arising from the servo
amplifier was negligible when compared to that of the main noise. Through
his modifications, he achieved a 50-fold improvement in the S/N (signal to
noise) ratio over the conventional design,

Papers by Grice and Winefordner, though not related to thermal
conductivity detectors should be mentioned here, Grice et al.3? describe an
ultrasonic cell which is capable of detecting 0.5 ppm Ho in argon, This is
comparable to the performance of our system, The cell in its present form
is limited to temperatures of 200°C; furthermore, the system is not
compatible with the thermal conductivity blocks which are a part of the vast
majority of gas chromatographs in use today. Winefordner et al.ho describe
detectors which are based on the dielectric properties of gas mixtures
which may be monitered either by frequency of an RF oscillator, or by the RF
field distribution in a capacitor coqtainigg the sample gas, Detection
limits vary from 2-8 ppm for most gases, The dynamic range was reported as

102 to 10%,
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CONSTRUCTION:

Nearly all of the components of our solid-state instrument are mounted
on 4! x L4'' copper-plated circuit boards, First the circuit lay-out is
drawn on a 4'' x W' paper which is pasted to the board. Holes corresponding
to the location of the component leads are drilled with 3/64~inch drill bit.
The portion of the board that fits into the socket is inserted into the
socket so that metal contacts in the female part make traces on the copper
to assure proper location of edge contacts, The boards are cleaned with
acetone, marked with a resist marking pen (RMP-700), and etched in a warm
solution (20%, w/w) of ammonium persulfate. Then the boards are rinsed
with water and acetone respectively to reveal the design. The components
are soldered. The foil side of the boards except the edge contacts are
sprayed with "'clear acrylic spray' to prevent air oxidation of copper. The
circuit boards are inserted into 15-pin socket cpnnectors whi;ﬁ in turn are
fastened to an aluminum chassis, to provide connections between different
socket pins,

Commercial and home-made heat dissipators are used on transistors where
large amounts of heat are produced, The size of a heat dissipator depends
upon ambient temperature and the maximum average power that the transistor
dissipates, Transistors on the same board having a common collector
connection may be inserted into a single aluminum heat dissfpator. Thbse
transistors which do not have a common collector connection oBviously-must
have separate heat sinks,

tn circuits where low level signals are handled, special attention must
be given to system grounding, There is always a certain amount of potential

drop between multiple grounds in a single circuit resulting from inductive
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and/or capacitative coupling between the presumably isolated circuits, This
may result in sufficient cross-talk to mask the millivolt or low level
signal, To avoid this, our system has a signal ground, _J.., and a power
ground, -l , which are independently connected to one central point on the
chassis. Signal ground is connected at only one point, and signal cable
shields are connected to the signal ground. All other cable shields are

connected to power grouthI,hz'



SYMBOLS:

R
C
D
Q
P
L
i
S
F
L
.
- D>
o ~=-0
:>

Resistor
Capacitor
Diode
Transistor

Potentiometer, ganged or trim,

Pilot light
Transformer
Switch

Fuse

Power ground

Signal ground

Socket pin connection

Jumper

Booster

Operational amplifier

Wheatstone bridge

17.



ELECTRONIC CIRCUITS:

The six boards contain-a regulated power supply, smoothed high éurrent
supply, oscillator and clamps, common mode réjection amplifier and current
boosters, preamplifier and demodulator, and dc-ac switching circuit.

Trim potentiometers, P} and P,, for initial adjustments are located on
the regulated power supply board. All operating controls (potentiometers
for vertical and horizontal symmetry, ganged potentiometers for frequency
and amplitude adjustment of the square-wave, potentiometers for the fine
and coarse adjustments of the thermal conductivity bridge, attenuator for
the output signal, pilot lamps, and switches) are mounted on the front panel
of the instrument. A fuse and shielded connectors for supply, input and
recorder are mounted on the back of the panel. Transformers are mounted
directly on the chassis., The circuits will be discussed in the order given

above.,



The Regulated Power Supply: Fig. 5

The requlated power supply is electrically symmetrical with respect to
ground, The top half will be discussed first and then the variations in the
bottom half will be explained.

A rectifier, Dy, and storage capacitor, Cy» form the heart of the power
supply. Resistor R3 provides a short circuit protection for the transistor
pair Q} and Q,. Capacitor C, along with resistors Ry and R, act as a filter
for the base current of transistor QZQB. The transistor reference amplifier
RAl amplifies the error signal developed between the reference voltage at
the emitter of this transistor and a fraction of the positive output
determined by potentiometer Py. The amplified error signal forms the
input to pass transistor Q, via Darlingtqn transistor Q; which decreases
output Impedance“h. Capacitor C3 improves high frequency stability. To
allow remote sensing of the output voltage, the top lead of Ry is brought
out to a connector pin. Diode D, serves to prevent the output from going
high in the event of an open circuit in the'sensing lead,

The bottom half is based on a similar circuit, but to insure symmetry,
the positive regulated output serves as a reference voltage for the negative
supply. A transistor pair, Q3 and Qh’ rather than single transistor with
grounded emitter, is used as comparison amplifier, to improve thermal
tracking of the 2 outputs.

Remote sensing eliminates stray output impedance due to connector
resistance, Two separate contacts at pin connections, 3 and 13, are
provided for current paths for ac return and dc ground to prevent ac pick-up,

The values of the components are choscn to provide +15 and -15 volts

requlated at approximately 100 mA, The voltages are adjusted to the



nearest 0.0l volt with the two trim potentiometers, Py and P

9-

20.
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The Smoothed High Current Supply: Fig. 6

The circuit produces +14 and -14 volts filtered at up to 400 mA., The

bases of the transistors, 07 and QB’ are powered by +!5 and -15 volts

respectively.

The resistors act as protective elements for the transistors,
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The Oscillator and the Clamps: Fig. 7
The Oscillator:

This is essentially a multivibrator. Base of transistor Qo—>
collector of transistor Q;g—> base of transistor Qq —> collector of
transistor Qll""_* base of transistor QIO constitute the regenerative loop,
fs soon as the circuit is turned on, the system enters a state in which one
transistor is conducting while the other one is cut ofqu. Transistors Q9
and Q), ensure quicker charging of capacitors c9 and Cio reSpectivelyus.
Consequently, the square-wave produced has sharp rising edges. Diodes 07
and Dg provide a pathway for the discharging of capacitors Cq and C4
respectively.

The outputs to the clamps and to the field effect transistors, Qg and
Q59 in Fig. 10, are takeﬁ from low impedance points at the emitters of

transistors QB and Q]2 as shown in the circuit, Diodes 09, resistors

Dyge

Ryps R capacitor C,, and diodes D D,,, resistors R RZS; capacitor

22° 17 1’ 12 24’
Cig produce delayed gate signals for the demodulator switches,

The frequency of the square-wave of the oscillator depends on the
product of 09 and P5, and CIO and P3. P5 and P3 are mounted on a common
shaft. Py allows fine adjustment of horizontal symmetry. The oscillator
produces a square-wave in the frequency range 160-1000 cycles per second.
The Clamps: |

The clamps are electrically symmetrical with respect to ground. The
negative and the positive voltages of the square-wave are clamped with the
top half and the bottom half respectively. The magnitude of the square-wave

can be varied from 4-20 volts p-p; the clamped voltages are referred to

regulated 15 volts,



The negative clamp will be discussed here only. This is basically a

voitage regulator with its feedback loop as shown in Fig. 8.

25.
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28,

Diodc Dy3 opens the feedback loop for negative output of the pA709cC
ampiifier, i.e. for positive bridge voltage. Transistor QIB is added to
provide current amplification. The output stage of the operational amplifier
is protected against excessive current by resistor Rqgs diode D}h serves to
protect transistor Q]3 against excessive reverse base voltage. Diodes D|5
and Djg protect the inverting input of the operational amplifier FA709C
against excessive input voltages. Capacitor Cl] was added between the
inverting input and output of pA?OSC to prevent oscillatiOn; Furthermore,
the operational amplifier was compensated with capacitors CIZ' C13 and
resistor R27 as recommended by the manufacturer. With the components shown,

the gain of the amplifier is 103 at 10 kHz and 10% at 1 kH247.
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Common Mode Rejection Drive and Current Boosters: Fig. 9

The 214 filtered voltage is used to provide the high current through
the bridge. Transistor pairs Q5 and Q18’ Qlé and Q|9, Qi7 and Q20 supply
the bridge with high current square-wave power., The magnitude of the
voltages of the square-wave at the bridge inputs 6 and 3 are equal but there

is a phase difference of 180°. Filters CI9. R and C were added to

30 20’ "33
prevent radiation of swifching qoise.
The operational amplifier OA 1 holds the average of the bridge output,
9 and 10, at ground potential, Capacitor Czi prevents the operational
amplifier from oscillating. Capacitors C,, and 623 minimize the radiation

of noise. Resistors R34 and R are matched resistors, Resistors R32 and

35
R33 are connected to the amplifier offset terminals as recommended by the
manufacturer.

The square-wave at thevinput of the bridge has sharp splkés on it due
to the finite response speed of the clamping and common mode rejection,

These spikes also appear on the output unbalance of the bridge, but are

eliminated at the demodulator as will be discussed later.
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Figure 9. Circuit diagram for current boosters and common mode rejection
amplifier,
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Preamplifier, Demodulator and Attenuator: Fig. 10

The bridge output, 1 and 2, consists of two complementary square-wave
signals, The operational amplifier OA 4 is connected as a difference,
amplifier, |t algebraically subtracts the two complementary square-wave
signals and amplifies the difference with a gain of 100, Capacitor Czq was
placed between the inverting input and the output of the amplifier to
prevent oscillation; capacitor C25 maintains symmetry. The ratios of
R38/R36 and R,_/R,., which determine the gain are made equal to approximately

3937

100 through the adjustment of P, and P, respectively. The addition of

9 10

resistors Ry and R,, is recommended by the manufacturer for offset nulling

lhy
of OA L,

The amplified square-wave signal is changed into two square-wave
signals that are 180°out of phase by a 1:2 transformer with a center tap on
the secondary, This transformer also blocks aﬁy unwanted dc voltages. Each
of the square-wave signals is fed to the MOS-FET's. The gates of the M0S5-
FET's are controlled by a square-wave with delayed rise times from the
oscillator at 7 and 9. Gate voltages are +6 volts and -4 volts with respect
to ground potential, The magnitude of the positive and negative voltages
depends on the values of the resistors Roys R22’ RMO and th, RZS‘ qu.
Rho and Rhl between the gates, 7 and 9, respectively, and ground potential
protects the gate insulation against static charge when the circuit is
removed from its socket,

when the gate-to-source voltage is approximately -4 volts, drain-to-
source impedance is about 1000 megachms, while at voltages higher than -1

!
volt, the drain-to-source impedance is less than 1 Kohms+8. The function of

the two FET's is comparable to full wave rectification, This rectification
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produces a dc signal whose magnitude is directly proportional to the bridge
unbalance, which in turn is dircctly proportional to the concentration of
the sample component at the detector filament.

The gain of t?e overall system is reduced to 85 due to the wave-form
applied at the gates of the FET's. This 15% loss of the signal eliminates
the sharp spikes on the square-wave of the transformer output which

otherwise would have contributed to noise of the overall system.
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Dc~ac Switching System: Fig. 11

The purpose of introducing this circult into the oscillator circuit is
two=fold:

1. To start the oscillator after initial application of power.
Shorting the emitter and base of transistor Q;4 with the switch primes the
Sygtem for oséillation. When the switch is then opened, the oscillator will
start réliably. When the switch is opened, tﬁe-cutput is coupled by
capacitor 627 to transistor Q23, which rectifies and amplifies the ac signal
and drives indicator light L,,

2. To provide dc power to the bridge. When the switch S, is closed,
the emitter to base of Qg is shorted and the oscillator is paralyzed.

Under these conditions the bridge is supplied with dc power under control of
clamping amplifier pA709C; therefore, exactly equal ac and dc power 1eveis

are available for comparison purposes,
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Complete Circuit: Fig., 12

Complete circuit entails the oscillator and the clamps, Fig. 7, current
boosters and common mode rejection amplifier, Fig, 9, preamplifier,
demodulator and part of the attenuator, Fig. 10, and dc-ac switching ;ircuit,
Fig. 11. |

Socket pin connection numerals are intentionally omitted, Instead,
|5 voit dc and 214 volt dc supply, signal and power ground symbols are
directly indicated to give.more meaning to the viewer.

The internal compensating and/or nulling components of the operational

amplifiers are also neglected because of the limit on space,
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Figure 12, Complete circuit. It contains oscillator and clamps, common
mode rejection amplifier and current boosters, preamplifier
and demodulator, and dc=-ac switching circuits.
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Bridge Control Circuit: Fig, I3

The components of this circuit are located on the back of the front
panel. Trim potentiometer Py, and resistor RSB serve as a coarse control
while 3~turn potentiometer P1| and resistors RAE’ R57, R59 serve as a fine

control in zeroing the bridge output.

Lo,
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Front Panel: Fig. 14
The schematic diagram indicates the location of the externally

adjustable components of the instrument.

42,
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Regulated Power Supply: (Fig., 15) Board |

Socket pin connections:

1 -15 volt dc output

2 ~15 volt dc remote sense
3 ac ground

L +15 volt dc out

g +15 volt dc remote sense
6 N. C,

7 key

8 N. C,

9 N, C

10 N, C,

H Ny €y

12 N. C.

13 dc ground

14 ac power in

15 N- Cc



Regulated Power Supply: (Fig. 15) Board |

Parts List:
CI, CL'.

CZ' C
CS| {:6
D], D

QB"QLI', Q

R]g Rz, Rg

Heat sinks, separate: Q], Q6

SOOFF/Sbv
100pF /50v
254F /25
IN3253
IN3L

fuse, 1/2Z amp.

. pilot light

700 ohm trim potentiometer
2N1613
2N3417
2N508A
2NL037
RAI
L.7K
150 ohm
820 ohm
1.5K
3.9
10K
SPDT

25-volt, | amp

45.
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| IS5
ETCH PATTERN BOARD |, FOIL SIDE

Fig.15



Smoothed High Current Supply:

Parts List:
C7, C8

D5’ DB

%

Qg

Ri2:» Ry3

Heat sinks, separate; Qy, QS

(Fig. 16) Board ||

]UODFF/SOV
IN3253
2N3053
Lo394L

25 ohm Sw

W1



Smoothed High Current Supply: (Fig. 16) Board II

Socket pin connections:

1 power ground

2 N, C,

3 N, C

4 N, C

5 +36 volt dc

6 N. C.

7 key

8 ac in

9 N. C,
10 +15 volt dc in
11 +14 voit dc in
2 -=15 volt dc in
13 N. C.
4 , -14 volt dc out

I5 ' N, C.

L8,
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Figure 16,

The arrangement of components of Board || as viewed from the
foil side,
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Oscillator and Clamps: (Fig.

Parts List:
bgn Ly .
o R
Ci20 G5
C130 Ci6
C170 ©i8

D D

7' 0g+ Dgs Dy
Dris Dyge Oy3
Dy Dyg» Dy
120 D1 O

Dao

P3s P
Py

P+ Pg

P7

O Ogr Qi Yy Yy
Ciy

Rig Ryg

Rie Riy

Rig

R1gs Ryp

R21» Ras

Rp2s Ryy

Rogs Rzg

Razs Rag

0A2, 0A3

17) Board 111

.Oh7pF
IOOFF
20pF
L70pF
,OOIFF
IN9TL
IN9TL
IN3L
IN3L

IN9TL

250K ganged potentiometer
50K

10K ganged potentiometer

IK

2N3417
2N2953
12K

10K

560 chm
5.6K
270K
150K

1K

1.5K

Fairchild PA7O9C



Oscillator and (lamps;

Socket pin connections:

v~ W

10
11
12
13
14

15

+15 volt dc
gate of Q
CW of P3

=15 volt dc

CW of P
°f g

gate of sz

CW of Pe

CW of Pg

bridge drive

key

dc-ac switching system
N, C.

same as 7

signal ground

same as 8

(Fig. 17) Board 111

52,
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Current Boosters and Common Mode Rejection Amplifier: (Fig. 18) Board |v

Parts List:

C19» Ca0 2 OfF

€y 56pF

C22: C23 | O4TyF

05, Qg 2N1613

0, 2N1711

Qg O - 40394

%20 - 2N2953

R30. R3) 15 ohm Lw

R32s R3g 30.1K, precision
334, R35 10K, precision
0Al Philbrick/Nexus

ESL-1
Heat sinks, common; Q5. Q¢

Heat sinks, common; Q;g, ng



Current Boosters and Common Mode Rejection Amplifier;

Socket pin connections:

]

2

11

12
13
14

power ground

+l4 volt de
bridge input
clamp
N, C,

bridge input

same as 6

- key

bridge output
bridge output
~14 volt dc
N, C,

-15 voit dc
signal ground

+15 volt dc

(Fig., 18) Board |V

55.
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Figure 18,

The arrangement of the components of Board IV as viewed from
the foil side.
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Preamplifier and Demodulator:

Parts List:

Cals Czs

€26

Pys P

g’ 10

Q1 Q2
R36+ R37
R3g: Rsg
Rup» Ruy
Ruz» Ruy

SBA.

OAL

(Fig. 19) Board V

220pF

IFF

200 ohm trim potentiometer
3N138

1K, precision

100K

100K

30.1K, precision

DPDT

Triad type G64

Philbrick/Nexus
ESL~]

58.



preamplifier and Demodulator:

Socket pin connections:

!

(oA SN & I - S ¥

10
11
12
13
14

bridge output

bridge output

+15 volt dc
transformer primary
-15 volt dc
transformer secondary
oscillator

N, C.

oscillator

key

transformer secondary
N.C.

switch SBA

N, C,

power ground

(?ig. 19) Board V
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ETCH PATTERN BOARD V, FOIL SIDE

Fig. 19
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dc-ac Switching Circuit: (Fig. 20) Board VI

Parts List:

0, IN3L

Ly ' ' indicator light, 24 volt
023 2N3L417

Rig 150K

S SPDT



dc-ac Switching Circuit:

Socket pin connections:

v - W

+36 volt dc
Ly terminal |
N L.

power ground
N, C,

L, terminal 2
N; €. |
=15 volt dc
Sy terminal 1
key

N. C,

Sy terminal 2
P3 CW terminal
N. C,

Q19 emitter

(Fig. 20) Board VI

62,
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Bridge Control Circuit: Fig. 13

Parts List:

P11 500 ohm, 3-turn potentiometer
P12 2K trim potentiometer

Rugs Rgy | 10K, precision

Rg 2K, precision

R59 10K, precision

Attenuator: Fig. 10

Parts List:

Rey7 - ' 0.0220K
Ryg 0.0436K
Ryg ' 0.1102K
Rgg 0,2268K
Rg 1 0.44L3K
Rgp | 1.101K
Res | 2,207K
Roy L, Lo6K
Rgs 11.00K
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OPERATION:

The bridge is connected to the instrument. The power:is turned on
after the carrier gas is supplied to the gaé chromatograph. Horizontal and
vertical symmetrf, frequency and amplitude of the square-wave are adjusted
at a certain voltage within the limits mentioned on page 23 with the aid of
an oscilloscope after the carrier gas flow through the gas chromatograph is
stabilized,

The current to the bridge is measured by connecting an ammeter between
the bridge input and the supply, at 3 or 6 on board IV, while the dc-ac
switch is set at dc position.

The system needs about 1-2 hours for warm=-up. The main cause for thé
long warm-up is the establishment of thermal equilibrium in the detector

block.
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DATA and DISCUSSION:

The bridge power supply of the Perkin-Elmer Model 900 Gas Chromatograph
was disconnected and replaced with our system. No other modifications were
made to the chromatograph.

Column 3-foot copper. 1/4'" o.d.

Column Packing 5% Squalane on Chromosorb W, mesh size: 60/80

Column system
Carrier Gas
Flow Rate |
Flow Rate 2
Sample 1
Sample size |
Sample 2
Sample size 2
Detector Temp.
Bridge Current
Bridge Voltage
Frequency of

square-wave ac

The columns are conditioned prior to their use for 8 hours.

Dual

Helium, industrial purity.
Loml/min,

28ml /min,

air

10 F]

“air in helium

0.02 P] air in 10 P] hel ium
Room Temperature: 25°C
275 mA

14 volts, p-p (ac or dc)

1000 cycles per second

columns provide means for a'good flow stabilization. A Hamilton-type, #701,
10 P] syringe was modified in our laboratory to make it air tight. This
syringe was used for the introduction of all samples. A Heath-Kit recorder
whose full-scale was set at 3 mV was used; with the preamplifier in our
system the recorder full-scale response corresponds approximately to 50 PV

bridge unbalance,
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Since a sensitive thermal conductivity detector will be particularly
useful for the detection of permanent gases such as oxygen, nitrogen, carbon
dioxide, etc., for which common ionization detectors are insensitive, we
decided to evaluate the response of the present system with air samples,

The results are summed fn Fig. 21. Fig. 2la represents elution of 0.2 pl of
air in a 10 pl sample of helium when the carrier gas flow rate was 28ml/min,
and when the bridge was powered with ac current., The peak in Fig. 21b
corresponds to a 10 P] air -sample with dc current. The carrier gas flow
rate was 45ml/min. The attenuator was set at X|. The peak in Fig. 2lc was
obtained with the same sample size, 10 Pl air, and the flow rate, 45ml/min.,
but the bridge was powered with ac current, and the attenuator was set at
X100, The difference in area under the two peaks, Fig. 2Ib and ¢, arises
from the loss at demodulation,

The observation of the negligible amount of noise, 20 nanovolts p-p
when the output leads of the bridge were shorted shows that the baseline
noise of about 300 nanovolts p-p under operéting conditions is due largely
to inherent noise of the detector block,

Bridge unbalance signals of_the order of 10 nanovolts can be measured
with ''phase igcked“ demodulation of the amplified signal, This performance
exceeds the requirements of the presently available detector cells which
produce noise levels of the order of 100 nanovolts,

The instrument is compatible with most existing hot wire detectors and
may be used with economical recorders. Air and other permanent gases can
be easily and reliably analyzed at levels of 0.1 yl, with detection limits
of the order of 0,01 FI. It opens up the way to further research in the

design of low-level noise detector block.
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AC
ATTENUATION: XI|

SAMPLE SIZE: W
2pl AIR

b 5
DC ~ AC ‘

SAMPLE SIZE: 10pl AIR
Fig.2l |
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ABSTRACT:

Conventional thermal conductivity detectors in gas chfomatography are
powered with dc current, The bridge unbalaﬁce signal, which may be as small
as a few microvolts, is handled by the use of chopper-stabilized amplifiers,
e.q. the servo amplifier which is a part of most potentiometric recorders,
To remove the drawbacks of dc amplification of low-level signals, we have
designed a bridge operated with ac power which allows ac amplification of the
unbalance signal without the need for a chopper operating on a low-level
signal, The bridge output is of known phase and of known frequency, so
random noise can be removed by a phase-locked demodulator, The instrument
designed on the basis of these arguments achieve§ a lower detection limit.

If varying current is applied to the elements of the bridge, problems
such as thermal vibrations and magﬁetic interactions between the loops of
the filaments may arise, Such effects may not only damage the-fiiaments, but
may also give rise to thermal noise. |If the voltage supplied to the bridge
is sinusoidal ac, power will vary as a function of time, ance-pOWer is
directly proportional to the square of the current,

To eliminate the problems mentioned above, a perfectly symmetrical
square-wave ac should be applied, This will result in constant power at the
filaments at all times. The vertical symmetry of the square-wave is crucial.

Nearly all of the components of our solid-state instrument are mdunted
on six 4" x 4" copper plated circuit boards, The boards contéin a regulated
power supply, smoothed high current supply, oscillator and ciamps, common
mode rejection amplifier and booster amplifiers, preamplifier and
demodulator, and dc-ac switching system,

Performance of the instrument was evaluated with air samples of 0,2 FI~



10 pl. All injections of sample were made with a 10 pl air-tight syringe,
The bridge was powered with ac and dc currents respectively, The peaks
obtained are in the ratio of 85:1. The gain of the amplifier after the
bridge was set at 100, The 15% loss of the signal is due to demodulation,

The 300-nanovolt p-p noise on the baseline under operating conditions is
due largely to inherent noise of the detector block, e.g, when the output
leads of the bridge are shofted the baseline noise is of the order of 20
nanovolts p-p. |

Bridge unbalance signals of the order of 10 nanovolts can be measured
with phase-locked demodulation of the amplified signal. This performance
exceeds the requirements of the presently available detector cells which
produce noise levels of the order of 100 nanovolts, The instrument is
compatible with most existing hot wire detectors, and may be used with

economical recorders,



