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The kinetics of recombination between the protein myoglobin
and oxygen or carbon monoxide have been studied as a function of tem—
peratufe between 40 K and 350 K, Four distinct kinetic regions have
been observed,

A transient recorder with a logarithmic time base is described
which allows storage of kinetics over a time range of 108 with good

temporal resolution and signal to noise reduction at all parts of the

sweep,
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I. INTRODUCTION

We have spent the last two years studying the complete time
and temperature dependence of the rebinding of CO and 0, to myoglobin.
We believe that in the course of this work we have uncovered new aspects
of Fhe role the protein plays in biological reactions. Reference 1
gives an extensive account of the work we have done, Rather than to
repeat what is contained in that large paper we decided to concentrate
in this thesis on the novel electronics we havé developed. Karl Beeson's
thesisg/ will complement this omne by pfoviding a full account of the
data analysis required to unravel the various kinetic regions. Hopefully

these works in their sum will display some of the contributions physicists

can make to the study of biomolecules.



II. BACKGROUND

A. Proteins

| | A protein is a macromolecule consisting of a chain of amino
acids which typically wraps around itself to present a globular-like
structure in aqueous solution; Proteins are the catalysts for biolog~
ical reactions, but little is known about how they function.

Myoglobin is one of the simplest proteins, It has a weight
of 18,000‘daltons and consists of a single polypeptide chain and a non-
protein iron-containing group called heme (Fig. 1). The apparent purpose
of myoglobin (Mb) in mammals is the storage of oxygen. The reduced iron
ién in the center of heme reversibly binds O, when the heme is properly
placed in the globin structure; if the heme is 1solated from the protein
the Fe2+—02 bond is not stable but instead breaks down with formation of
the Fe3+ state and H,0,. The heme group can also bind a large number of
other molecules, called ligands. Among the more important are CO, NO,
and CN .,

We have worked with heme proteins because of their combination
of biological importance and photosensitivity. The bond between the iron
ion and the ligand can be broken by an absorbed photon. The heme group
has a strong visible absorption because of the large conjugated ring sys-
tem which it contains., When a photon with wavelength between 200-600 nm
is absorbed there is probability that the iron-ligand bond will be broken,
The quantum yield for this photodissociation varies from 1.0 for CO to
about 0.1 for O0,. When the bond is broken the ligand can move from the
binding site. Our observation of the rebinding kinetics allows us to

gain information about the role of the "globin" in "myoglobin."



Figure 1. Sketch of myoglobin molecule as determined from X-ray data,
The lower diagram is the heme group which is the active
group of the proteln.
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B, Experimental Approach

Figure 2 shows the absorption spectrum of Mb in the visible
region for the reduced and CO-bound states, The basic source of in-
formation in 6ur experiment is the measurement of the transmission of
light through the sample at a particular wavelength., In our case, if
light with wavelength 436 nm is passed through a sample of Mb-CO, then
the amount of light transmitted decreases if the CO is removed and
reverts back to the original value as the CO rebinds,

The exPerimental‘set—up is shown in Fig. 3, and Fig. 4 gives
the experimental parameters, The dye laser emits a 1 usec pulse of light
to photodissociate the CO ligands. The tungsten light and 436 nm filter
provide the stable monitoring beam which passes through the sample and
falls onto a photomultiplier., The output of the photomultiplier is fed
to the transient recorder which is described in detail in the second
half of this thesis., If the initial transmission of the sample 1s known,
then from the measured transmission changes and the molar extinction
coefficients of the reduced and bound states, the number of CO-free Mb
molecules at some time t after the flash can be computed.

The technique of flash photolysis has been long known. Our main
contriﬁution has been the use of modern electronic techniques to study the
kinetics of rebinding from 1.5 K to 370 K, and to demonstrate that the full

temperature range is needed to obtain a complete picture of the kinetics.

C. Information from Kinetics

The transient recorder stores information on the number of mole-
cules of Mb that are CO-free at time t after the flash, The kinetics of

rebinding can be put into two broad classes: concentration dependent and



Figure 2,

Absorption spectrum of myoglobin in the reduced and the
CO bound states, The dotted curve is the reduced state
and the solid curve is the CO bound state.

The arrows along the wavelength axis show the wavelengths

of the monitoring light and the two dyes used in the

laser,

The upper right corner shows the relationship between the
transmitted intensity and the concentration in millimoles
per liter of the absorbing species,
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Figure 3. Block dlagram of the experimental apparatus.
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Figure 4., Experimental parameters.,

Monitoring light,

1. 24 volt-150 watt tungsten-iodide lamp.

2. Power supply uses photodiode to monitor light output,
‘regulates via feed~back loop.

3. Stability after warmup is about 2 parts per 1000/15 minutes,

Dye laser.

Product of Phase-R, Inc.

Pulse width 1s 1 usec FWHM,

Output energy is 0.25 joule for rhodamine 6G, 0.06 joule for
coumarin 6,

W N
*

Photomultiplier and base,

. RCA 4837 "anti-hysteresis" design.

Anode resistor variable from 47 kilohms to 1 megohm,

Minimum anode RC is 1 usec.

Harris 2065 op-amp used in follower mode to drive coax cable
to signal averager.

Eo VRN S
)

Monitoring beam characteristics,

1. Bandwidth is about 4 nm FWHM.
2. Speed of system is about £/3.

Dewar,

1., Helium flow dewar made by Andonian Cryogenics.
2. Temperature variable from sub-2 K to 400 K, Sample is at
atmospheric pressure,
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concentration independent. The terms here refer to the dependence of
the reaction rate on the CO concentration in solution. For concen-
tration-dependent kinetics, in the limit #CO molecules >> #Mb molecules,

the rebinding curves should go as:

N(t) = N(O) e <F

k = kz[CO] .

Ié can be assumed in these kinetics that the CO ligand left the Mb mole-
cule it was bound to after photodissociation and mixed with others in
solution., Such kinetics are called second-order.

If the kinetics show a rate constant which is independent of
the CO concentration in solution then the kinetics are said to be first-

order and should be exponential in their time dependence:

N(E) = N(O) e XE

The temperature dependence of these rate constants can be mea-
sured., Reactions which must surmount thermally a Gibbs free energy barrier
of activation AG in order to occur should have what is called an Arrhenius

temperature dependence:

The quantity v refers to the attempt frequéncy, usually set equal to

-1
1013 sec , the vibrational frequency of a molecular bond at room tem-

perature, The. Gibbs free energy AG can be rewritten as:

AG = E + PAV — TAS
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AE refers to the electronic energy of activation, PAV refers to work
done by the transition state‘against the surrounding, and TAS refers
to the changes in entropy that occur, We see that considerable in-
formation is available from studying the kinetics as a function of its

various parameters.
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III. EXPERIMENTAL RESULTS

The primary discussion here will be coﬁcerning the re-
combination of CO with Mb, CO 1s experimentally one of the easiest
ligands to work with, since it does not oxidiée the iron and has high
quantum yield for photodissociation. 0, kinetics have alsc been ex~
tensively~$tudied by us and show similar overall features as CO and
also some important differences.

'The recombination of CO with Mb at 300 K is second-order
and thus indicates that at this temperature the CO escapes into the
solvent, However, as the temperature is lowered the speed andtorder
of the recombination kinetics change in a major way.

Figures 5 and 6 display the recombination curves at various
temperatures. Note that the cur&es are plotted on a full logarithmic
scale., Here is a summary of the changes in the kinetics with tempera~
ture, starting at 300 K:

1) The second~order reaction becomes a smaller fraction of the
signal as the temperature is lowered.

2) A concentration-independent component becomes dominant at about
230 K. More than one break in the kinetics of this region is apparent.

3) The kinetics at about 230 K and below are not exponential as
expected for a simple first-order reaction.

4) The new low temperature kinetics extend to 40 K. The presence

of kinetics at such low temperatures requires a small value for
AH = AE + PAV

where small here means small compared to typical activation energies,
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Figure 5. . Kinetics of Mb-CO recombination at high temperatures.
The various kinetic regions are identified.
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Figure 6.

Kinetics of Mb-CO recombination in the low temperature
region. The log kinetics are dilsplayed.



17

(09S) awl|
S0l o] _ o] 2-0l o] o] ¢-O! o]
1 1 I ) 1 T T T
" A02I AObI A09I ¢ -0l
o o w
° 0
#1001 ° 0
> C 191oM - 0132416 u1 OO QN 4,01




18
A full logarithmic plot is used to display the data because
of the large ranges of time and absorbance in which there is significant
information., An exponential return in time on such a plot is flat until
t = 1, after which the curve drops very rapidly. The kinetics seen at
low témperature decay much less abruptly than an‘exponential; the curves

quite closely fit an‘expression of the form:
N(E) = N (L + ¢/£ )" .

This type of curve behaves initially like an exponential but has a much
~ prolonged tail in which the "fractién of return per decade" is constant.
We built our log time transient recorder because of these types of
kinetics and because of the complexity of the curvés.

We have deveioped a mode% in an attempt. to understand the
complex kinetic picture Mb presents in this simple e#periment. While
much of what is presented is speculative, it is hoped that the model
will act as a catalyst for further experiments designed to answer some

of the questions posed.
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IV, A MODEL

It is perhaps easiest to work from the lowest temperatures up -
in the decomposition of the curves. The presence of non-exponential
kinetics for a first-order type process suggests that more than one

activation energy determine the return rate, We replace the normal

equations:
N(t) = N(0) ¥t
K = v e-AG/RT
with ®
N(t) = N(O) [ dEg(E) et
o
k=A e*AE/RT y A=v e+AS/R * .
Here g(E) is a distribution of activation energies. If t and A are

nmin

such that At >> 1 then:
min

N(t) = N(O)RTL[%Q] ;

e+AS/R -AE/RT

k = (v ) (e )

where ;{Sf) is the Laplace transform of the function f. It is possible

to find a g(E) which fits the data very well from 40 K to 180 K for Mb,

*
AE should really be written AH. I retain here the notation of
Reference 1.
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Figure 7 gives the g(E) determined for Mb-CO. We believe that the
distribution of activation energies is due to a distribution of macro-
molecular conformations,

As the temperature 1s ralsed to about 180 K the g(E) stops
being a good fit to the curves. We believe that here the CO molecule
now begins to have enough thermal energy to surmount the activation
energy barfier that keeps it closest to the irom site. As the CO moves
further from the iron 1t is possible for it to encounter several ad-
ditional barriers before entering the solvent, which it begins to do
at gbout 210 K in glycerol-water mixtures,

Construction of a set of barriers which will comsistently fit
the entire range of the data requires the help of a computer to solve
the coupled differential equations which a set of serial barriers
produces. A total of 4 kinetic regions can be seen in the data, which
requires 4 barriers., It is possible to find a set of parameters which
fit the observed data quite well, as shown in Fig, 8. Figure 9 is a
sketch of an idealized Mb molecule showing possible features which
would cause these barriers. Karl Beeson's thesis will tell in detail
how the data are analyzed and how the solutions of the differential

equations are obtained.



Figure 7.

The distributién of activation energies that fit the low
temperature kinetics of Fig. 0.

Also shown is the g(E) that fits oxygen recombination at’
low temperatures.
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Figure 8,

Decomposition of }Mb-CO klnetlcs into the 4 regions
derived from the model,
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Figure 9.

Possible structural features of myoglobin which could

give rise to the kinetic regions observed, The upper-
case letters in the structural sketch demark features

which cause the barriers in the bottom sketch.
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V. CONCLUSIONS

I have very briefly outlined some aspects of the protein
that we feel our studies have revealed. A much more complete discussion
is in Reference 1. One point ghould be stressed: the kinetics near room
temperature are only a very small part of the total kinetic picture.
Likewise, kinetics are only a very small subset of the large array of
physical techniques that can be used to analyze the protein molecule.
I list here some of the avenues we would like our research to go down
as we attempt to look more deeply into the physics of biomolecules:
1) - Compare the total kinetics of other proteins to test the gen-
erality and specificity of our picture.
2) Study model compounds which should possess some of the features
which are believed to cause certain regions of the kinetics.
3) Use high pressure to study the PAV term in the Gibbs free energy.
4) Use infrared spectroscopy to look at the CO molecule rather than
the heme ring.
5) Find how the MBssbauer effect can add information to our model.
Clearly the 1list can go on forever -- I just list here some of
our present projects. I hope that these furtﬁer projects will be in-

teresting enough to keep future students working late at night.
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VI. A LOGARITHMIC TIME AXIS TRANSIENT RECORDER

A, Introduction

We became aware in our work that the distributed and complex
kinetics we were forced to deal with required a transient recorder
which could compress time in a logarithmic way, much as a logarithmic
voltage amplifier compresses a signal so that large dynamic ranges can
be easily handled. 1In a log voltage amplifier the output voltage is

the log of the input voltage:

Vout = 1°glo(vinfvbase) .

What we would ideally want in a log time base is a similar relationship:

D = loglg(t/t )

base

where D referé to something like the horizontal deflection on an oscillo-
scope screen., However, we needed a sweep which would span 9 decades in
time continuously, which is exgremely hard to do using analog methods.,
Therefore, we decided to use digital methods to generate a discrete
sweep which is a quasi-continuous log sweep.

The basic idea consists of two parts:

1) Use an analog-to-digital converter (ADC) to convert the input
voltage to a digital number. The sampling rate of the ADC is to be
controlled by a '"log clock" which gives the conversion commands.

2) Average the data in successive intervals which are twice as long
as the preceding ones. That is, if the first sample interval is At sec

long then the second is 2 At, sec long and the Nth sample interval is
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2" "At, sec long. If the series is summed then the time spent to

sweep through N channels is:
' N
tN‘= (27 - 1o, .

For large N, we see that the N channels represent a logarithmic ratio
of times:
N = log2 E%
: 1
We use the base two because of the ease of this base in digital logic
and because it most closely simulates a continuous change for a discrete
step.

The device as described so far has several problems, One
problem is "signal to noise." At short times the input amplifiers must
have a very small time constant so that the signal is not distorted.
However at long times the small time constant is unnecessary and allows
photon noise (in our application) to obscure the signal., If the ADC
samples continuously during the interval duration the incoming numbers
can be added together and then divided at the end by the total number
of samples made. In this way as the intervals get longer the averaging
constant of the device also continuously increases so that the averaging
constant is always optimal for the time range being swept through.

Another problem is resolution, which we define as the number
of samples taken per decade of time. If the device doubles the length
of each successive interval, then we have only about 3 points per decade

of time:

1At + 2At + 4At + 8At = 154t

b
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which 1is rather marginal time resolution. We attempt to better this
by allowing several constant length intervals tc occur before doubling
the interval length. To get an idea(of the resolution obtainable, |
suppose that 10 linear intervals doubling are used; then each of the
intervals discussed before for the simple case is divided up into 10
segments, so that the fesolﬁtion is now abouti30 saﬁples per decade of
time., In our device we made it possible for the number of linear »
segments/decade to be variable, so that almost any kind of sweep can
be obtained, Figure 10 is a brief illustration of how thevdevice works,
Figure 11 lists the basic operating parameters of the device
we constructed. Figure 12 shows a block diagram of the device and the
following sectioné discuss the device in enough detail so that those that
follow us can repailr it or build another. We believe that such a log
time scale device with its resoltuion and averaging capabilities can be
very useful in any circumstancgs where one must record data on several
different time scéles or in single~shot events where one does not know

beforehand on what time scale the data will occur.

B. Analog Input

The basic purpose of the input amplifiers is to provide the
gain of 4.88 needed to translate the standard 1.000 volt output of the
photomultiplier to 1000 counts on the«ADC, which reads 5,000 volts as
1024, Another function of the amplifiers is to provide a high input
impedance and a low output impedance to drive the input to the ADC which
has an input impedance of 2 kilohms. The bandwidth of the amplifier

must be 1 MHz to utilize the full speed of the ADC,
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Figure 10,

General operation of the log tramsient recorder. This
illustration is for 2 linear intervals per log interval,
The first linear interval is double length.

line 1:

line 2:

line 3:

line 4:

Input waveform, Timing marks shown on the
baseline for a 2 lin/log sweep. iote that
first linear segment is double length.

ADC output, The height of the block represents
the size of the ADC number output. UHote con~
tinuous operation,

The contents of the averager., The ADC numbers
are sunmed during the duration of the interval.

Output of the averager. At the end of the
interval the contents are divided by the number
oi conversions stored. The normalized number
is stored in the memory.
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A,

B,

Figure 11, Operating parameters,

Time,

1. 2 ysec/conversion; maximum speed limited by ADC and memory.

2. The number of linear segments/log interval can be varied
from 1 to 10, '

3. The memory has a capacity of 250 numbers. As is explained
in thg log clock section, this leads to a total time range
of 107, If the first time intervals are 2 usec long then
the last 10 are each 17 sec long.

4, At 10 linear intervals/log the resolution as defined in the
text is about 30 samples/decade.

5. The initial interval length can be increased to allow ex-
tremely long sweeps,

Amplitude,

1. The 10 bit ADC gives 1/1024 resoltuion, or 4 x 10~ changes
in absorbance.

2. Time-sharing the ADC allows higher amplitude resolution with-

out loss of sampling speed.

33
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Figure 12.

Block diagram of the transient recorder. The double width
lines show data flow, and the single lines show the flow
of the control commands.
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The op-amp chosen is the Harris 2065 FET op-amp. The amplifier
circuits are conventional. The present analog input consists of 2 channels
which can be chopped alternately by the lin-log pulses., In this way either
two different gains can be used or two different signals can be studied.

The analog switch which chops the two channels is the RCA 4016
CMOS SPST swtich, This high speed switch has very small distortion and
switching times qf 20 nsec. Figure 13 shows the basic arrangement, The
2 channels are buffered by the op-amps, One of the channels can be op~
erated at gain 48.8 in order to obtain an effective gain of 10. This
channel has a DC offset capability so that the DC part of the signal can
be studied,

The outputs of the 2 channels are fed to separate poles of the
4016 switch, Since the signals on the amps could assume positive values,
which destroy the 4016, a diode is put in the op-~amp feed-back loop to
prevent’this. The switch is controlled by the lin-log pulses discusSed
later, which toggle the 2 switch poles, The chopped output of the 4016
switch drives the National Semiconductor LH0033 super-high speed buffer.
This gain 1 buffer has a 10 nsec settling time and so can quickly. switch
from one output to the other., The output of the buffer drives a coax
line to the ADC,

Since the 4016 chip is used here in the =15 to Q volt mode the
logiec which controls the gate must sit at -15 volts requiring some level

shifting from the +5 to 0 volts level of TTL logic.

C. Logarithmic Clock

1. Basic idea.
The log clock is defined as the circuitry which provides the

timing signals for the signal handling part of the transient digitizer.
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Figure 13.

The analog front end which drives the ADC. The upper
diagram shows the block diagram of the electronics and

the lower diagram shows a more detailed diagram of one
of the two amplifiers.
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The block diagram of the log clock is Fig., 14, The ihput to the log
clock is a 1 MHz clock. The clock pulse train is fed to a system of
rate multipliers which divide the frequency by powers of 2. A set of
shift registers controls the rate multipliers and determines the
division factor. A counter is used to count the number of linear
pulses before the division factor is advanced. The outpuﬁ from the
rate multipliers is the master log clock to which the rest of the device
is synchronized., A display on the front of the instrument counts thé
total number of pulses that have been produced,
2. Input clock.
See Fig. 14 and Fig. 15. The input clock's base frequency is
32,00 MHz so that a divided frequency can also be used as a synchronous
source for the count~down counter discussed in the averager section.‘
Figure 16‘Sh0WS how an inverter gate éan be made into a clock stable to
1 part in 10%. The output from the clock is gated by a flip-flop wired
to toggle and triggered by another flip~flop which receives the external
trigger cdmmand. A binary counter divides the clock frequency to the
needed 1,000 Miz,
3. Rate multipliers,
The rate multiplier used is the Texas Instruments SN7497.

Tne output of the chip is related to the input by the relationship:

fout = (M[Gé)fin .

M = 25F + 2E + 23D + 22¢c + 2!B + 20A

where A-F represent the input pins whose logic levels determine the
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Figure 14, Block diagram of the log clock which supplies the timing
: signals.
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Figure 15,

Timing diagram for the log clock. The case illustrated
here is for 2 linear pulses per log.
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Figure 16,

Reset circuitry for the log clock., The lower right
corner shows how an inverter can be used as a clock.
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output rate. In our case only one pin is held high at a time, so that
the output rates differ only by powers of 2 from the input rate. Since
each of these chips can divide by up to 28, if 4 rate multipliers (RM)
are serially connected the total‘division can be upvto'223, which 1s the
dynamic range we chose to span.

Refer now to the timing scheme in Fig, 15 and the block diagram
in Fig. 14, At t = 0 the shift registers that control the RM's have all
outputs low except pin 1-f, which is high (pin 1-f means the f output pin
of the first shift register). This then means that the initial output
rate for a l;OOO.MHz input is 500 KHz. The output of a RM which is pro-
grammed to divide by N goes high with the first positive transition of
the input clock and stays high for N positive transitions, counting the
initial transition as 1. At the Nth negative transition the output goes
low and then goes high at the next positive tramsition. Figure 15, line
2 shows this,

The outputs of the RM chips are AND tied together. The output
is fed to the reset of the transient recorder and to a positive edge
triggered monostable, The output of the monostable is used to advance
the shift register, thereby programming the RM to divide by an additional
power of 2. The RM, however, is blind while it is high and does not
change its divisionkrate until it makes the low transition at the end of
a cycle (see Fig. 15, lines 2 and 3). The dead-time of the RM creates
a delay between the command to change rate and the actual change of rate.
A '"phase shifter" discussed later compensates for this. The pulsé that
advances theAshift register also clears the RM so that the counting does

not become garbled.
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The linear-log capability is achieved by allowing the RM to

stay at a particular division rate for a selected number of pulses be-
fore increasing the division rate. fhis is easily done by feeding-ther
output of the RM into a BCD-10 line counter. The output lines of the
10 line decoder are connectéd to a switch which connects one of the 10
lines to a monostable. When the selected line goes high, signifying
that phe desired number of linear pulses has occurfed, the monostable
feeds a pulse from the monostable also serves as the pure log pulse for
the count—downvcounter discussed in the averager.

The initialization and reset circuitry is a little complex
because of the options we have added. Refer to Figs. 14, 15 and 16,

Much of the circuiltry is necessary from the reset demands of the logic
used. |

The pulse-eater was inserted so that the first string of equal~-
spaced pulses before rate-division would be twice as long as the succeed-
ing pulse trains. This was done so that the laser in our experiment
could be triggered in the.middle of the double-length pulse train, allow-
ing a determination of the pre-flash baseline. The pulse~eater prevents
the first change of rate command from the BCD-10 line counter from reach-
ing the shift register, but allows all subsequent pulses to pass.

The phase shifter handles the problem in the lag in the division
rate mentioned above, It puts out a pulse which is synchronous with the
actual change in rate and produces the correctly timed log pulse for the
rest of the device (see Fig. 15, line 5, and Fig. 16).

Because of the rather unusual way the rate multipliers work the

ADC conversion command is obtained from a monostable which is triggered
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from a 7497 RM chip as used in the-log clock. The 1 KHz clock used to
clear the shift registers is also used later on to clear the memory.
The 2~switch clearing method is unmecessarily awkward, and could be
done better with some delayed pulsés.

The initial intervals are 2 usec long, and the log clock at
its greatest division rate increases this length Ey 223 or 8,5 x 108,
Hence, the last intervals are 17 sec long. The total time for a sweep
from start tb finish for the simple case of doubling each successive
interval is:

N
tN = (2 - l)Atl .

For the case of a 2 psec At; the total sweep time is 34 sec. If 10
intervals are measured before doubling the length the total time for
the above conditions is 340 sec or about 6 minutes. The total time

range is 1,7 x 108 x At,.

D. Averaging

1. Basic idea.

" The 10-bit ADC runs continuously at 500 KHz. The averaging
part of the circﬁit takes the digital output of the ADC and sums it over
the duration of a particular interval, which is an integral number of
conversions long. At the end of the interval the sum of all the con-
versions is fed into a 34~bit shift register and shifted down by a number
of bits which is equal to the number of conversions done in that interval.
The final 10-bit number which is the average of all the numbers summed is

then stored in the memory. Figure 17 is a schematic of this process.
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Figure 17,

Block diagram of the signal averaging section of the
transient recorder.
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2. Summation procedure,

Refer to Fig. 18 for timing information. The ADC does a
conversion every 2 usec., Although the ADC used, the Datel ADC~G10B,
completes the conversion in 1 usec the slowness of the memory chips
used requires the extra 1 psec during which the ADC is idle. Line 1
shows the conversion commands and line 2 shows the ADC status output.

" A buffer memory made of parallel in/out shift registers is
used to store the initial output from the ADC. A pulse delayed 100 nsec
from the end of the conversion loads the buffer memory (line 3). The
stored number is fed to the "A" side of a 10-bit adder. The "B" side
of the adder is tﬁe output of a buffer memory which has stored the pre-
vious output of the adder (which is 0 if the averagér is just initiating
a lin-log interval), The adder sums the new number and the previous sum,
The carry pulse of the adder is fed to a 24-bit counter. The adder is
given lOéﬂnsec to sum before the."B" buffer is given a load command
(line 4), The total capacity of this adder is 34 bits: 10 bits in the
adder itself plus 24 bits in the carry counter. This is the capacity
needed if the longest time intervals are to store 224 10-bit words.

3. ﬁivision.

The log clock has 2 outputs, a lin-log output which defines
the linear intervals and a log output which gives pulses signifying a
doubling of the interval length, The log pulses are counted by a 8-bit
counter, There can be up to 24 log pulses., The data handling is done
after the conversion, so there is a 2 usec delay added to the log pulse
(lines 6 and 7)., The inverted lin-log low loads the grand sum of all

the conversions from an interval into a 34-bit shift register, and also
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Figure 18. Timing diagram of the averaging section of the transient
recorder. The example here is for 2 linear intervals
per log interval.
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loads a 8-bit count-down counter with the number of log pulses that
is stored on the 8-bit log pulse counter (line 8). After a 200 nsec
delay, the adder buffers are reset to 0 (line §),

We are no& ready to sﬁift the sum down to a 10-bit number.
The 16 MHz from the mastei clock discussed in the log clock is the input
to a count—&own counter which shifts the sum down a number of bits equal
to the division ratio of the log clock plus 1, Because of this extra
pulse the‘inputs to the 34-bit shift register must be offset 1 high.
The operating requirements of the large shift register are such that the
loading and shifting pulses are combined at the same input pin (line 12).
The last count of the count-down counter also appears at a separate
“ﬁorrow" pin signaling the end of the division process. We have now
a 10-bit number waiting at the output pins of the 34-bit shift register
ready for stofage. Thus far we have taken the steadily incoming ADC
numbers, added them over an interval which is an integral number of con-
versioné long and averaged the sum back to a 10-bit number. This process

has consumed about 300 nsec out of the 2 usec available,

E, Memory Control

1. Basic idea.
The procedure of the previous section is repeated here. A
random access memory (RAM) is used to store the averaged numbers. A
counter which counts the lin-log pulses is used as the address counter
for the word location, Since the memory is 14 x 256 bits there is room
to store up to a l4~bit number, so an adder is included so that up to
, 16 10~bit numbers can be added together for signal averaging. Figure 19

shows the block diagram for the memory.
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Figure 19. Block diagram of the memory section of the transient
recorder. '
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2. Procedure,

The borrow pulse of the count-down counter is fed to the
address counter of the memory. This is the same as feeding the lin-
log pulse with the proper delay (Fig. 20, line 4). The address counter
selects 1 of 256 bits on 14 memory chips which comprise the meﬁory.

The RAM chips used are the Intel 1101A MOS-RAM. It takes the RAM 1
usec to find the location requested. If the memory was previously
cleared the output pins of the memory will present O, if a run has
already been stored the output pins will present a number corresponding
td the averaged sum during a lin-log interval.

The 1 usec delayed borrow pulse (line 5) is used to load both
the "C" and the "D" buffers for the l4-bit adder. The "C" buffer has
loaded inté it the new iQ—biﬁ number from the averaging section, the
"D" buffer is loaded with the summed adder output (lines 5 and 6).
After a 100 nsec delay a 400 nsec long pulse writes the output sum of
the adder into the memory position (line 7). The data are now safely
stored,

In order to clear the memory, the "D" buffer is cleared and
the 1 KHz clock used in the log clock section is f;d i;to the address

counter of the memory and the monostable that creates the write pulse,

so that in 1/4 of a second the memory has 0's read into all locations.

F. Teletype Interface

1. Basic idea.
In the read-out mode the memory presents at its output a Binary

number, This number is translated into BCD form and fed to the input




Figure 20, Timing diagram for the memory. The case here is for
2 linear intervals per log intervals,

ling 1: 1Input clock pulses, gated on at t = 0,
' Frequency = 1.00 MHz,

line 2: Output from rate multipliers. Another rate-
multiplier, held fixed to divide by 2, feeds a
monostable which generates the ADC conversion
command.

line 3: Output from 10-line linear length selector,
The switch here is set so that an output pulse
is produced after two positive transitions,
Note rate-umultiplier delay. This pulse is fed
to the shift registers and resets the rate-
multipliers.

line 4: Lin-log pulses, positive edge triggered off rate-
- multipliers.

line 5: Phase~shifted log pulse, in phase now with lin-log
pulses. .
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pins of a 8-bit multiplexer chip (MP). The multiplexer is then read
out at 110 Hz into the teletype (TTY) current loop. In a like manner
other MP's have hard wired the ASCII codes for the TTY carriage controls.
A counter is used to enable the correct MP and count the number of words
printed,

2, Actual operation,

Refer to Fig, 21, When the control switch 1s switched to the
read-out(position a 110 Hz clock is gated on. This clock is fed to a
12-counter which recycles after 12 counts, The output of this counter
is used to readout the 8 pins of the MP's. Since the ASCII code is 10
characte?s in length there is a 20% dead time with this design due to
the 12-count. 8 MP chips are used in all: 5 for the number from the
memory (14 bits in decimal is 16384) and 3 for the necessary "space",
"return" and "line feed" commands. |

The MPs afe sequentially enabled by the iO line output of a
10 line decoded BCD counter. This counter is fed the "12" count from
the master counter, so that each time the counter advances a new MP is
enabled. There aré actually 2 of these MP contrdl counters. One of
them controls the MPs that read the memory., This counter is allowed to
recycle 10 times (which fills the TTY page width) before it 1s turned
off and the other counter is enabled. The second counter enables the
MPs that give the "line feed" and the "carriage return" commands.

Let us call the number read-out counter "A" and the carriage
control read-out counter "B", At the start the "B" counter is enabled.
The read-out counters, in this case "B", are wired so that the reset

themselves after the required number of MPs have been enabled, which in
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Figure 21, Block diagram of the teletype interface.
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this case is 2., The same pulse that resets the counter is also fed to
a third counter which counts the number of the reset pulses, The third
counter is wired so that after the "B" counter is reset 2 times, that
is, after 2 sets of line féed-carriage return commands have been trans~
mitted, the "B" counter is held off and the "A" counter is enabled.
This counter is allowed to cycle 10 times, which means that 10 repeats
of a l4-bit number and a '"space" are transmitted, before the "A" counter
is turned off and the cycle repeats. The "A" counter that reads out the
memory feeds‘a pulse to the memory address counter when it completes the
trangmission of a number. The memory then finds the next number and
presnets it to the binary-BCD decoder.

At the end of the read~out the m;mory address counter carry
pulse is fed to a latch which turns off the 110 Hz clock. We have come

to the end of our long labors,

G. Power Supply

| | The ?ower supply was housed in a separate enclosure so that the
analog circuits would not‘pick up the AC radiation, and»also to keep the
heat‘away. The supplies are commercial products of Power-One. The 5 volt
supply‘consists of two 6 amp supplies tied in parallel. In an effort to
keep one supply from assuming all of the load the remote sense of each
power suppiy is tied to the middle of a low resistance wire., The two sup-
plies eachfhave a low resistance wire 1e§ding to a summing junction. If
the currenilfrom one supply becomes too small the remote sense will demand

more current.,
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